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ABSTRACT

A theoretical study is made of the visible and UV line radiation of
He I atoms and He Il iohs from a plane~parallel model flare layer. Codes have
been developed for the solution of the statistically steady state equations
for a 30 level He T ~ II - III model, and the line and continuum transport
equations. These codes are described and documented in the report along with
sample solutions. Optical depths and some line intensities are presented for
4 1000 km thick layer. Solutions of the steady state equations are presented

for electron temperatures 10 =~ 5 x 10h °K and electron densities
10 -3
10 - 107 ocm “.
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HELIOM EMTSSTON FROM ACTIVE SOLAR REGIONS

I. INTRODUCTION

The purpoge of this program has been to develop codes for the
simultaneous calculation of He I and IT resonance line and He I D3 line
Intengities from model flsre regions. These lines were chosen becauge
of the spectrasl ranges of the Skylab high resolution spectrographs and
because of the planned program to‘obtain D3 filtergrams on a patrol
basis at the Lockheed Rye Canyon Observatory during the ATM mission.
The NRL spectroheliograms incorporate simultaneous measurements of the

He I and IT resonance lines,

A plane~parallel lgyer irradisted on one side by the photospheric
radiation field was chosen ag the geometric model. A statistically
gteady state and uniform electron tempersture snd density with position
were ggsumed. The energy level model consists of all terms through prin-
cipal quantum number 4. Our study has been confined to conditions we
believe characteristic of flare regions, namely eleciron temperstures be-
tween 1011L and 5 x lOu °K and electron densities between 10lO and lolucm-s.
An extensive compllation of electron impact excitation rates has been
made as part of thls study. The results were published in Sclar Physics

(Benson and Kulander, 1972).

The sgtatistically steady state level populations of model He I
atoms have been calculated by a mumber of investigators for temperatures
and densitlies characteristic of the outer solar atmosphere, Almost none
of these anthors has congldered a sufficiently detailed energy level
gtructure in the model atom to accurately obtaln the D3 line emission.
Jefferies (1955) e.g. treats the 25 and 2p levels as g single level,

De Jager and de Groot (1957) consider the 2s and 2p terms éeparately

but the term structure of higher levels is ignored. This higher term
structure is also ignored by Athay and Johnson (1960). They alsc neglect
the effect of the He II lon processes by using other vglues for the



He I/He II equilibrium. Athay and Johnson arrive at the conclusion that
in the temperature range 40,000 - BO,OOOOK, the D3 line will sppear in
emigsion for ne 2 1012 almost independently of Te'

Zirin (1956) assumes in his calculations that transitions between
terms of a given level are of negligible importance in determining the
pceupation numbers, This is known to be a poor assumption., Shkloveky
and Kononoviteh (1958) have caleulated the D3 line iptensity but have made
a number of unrealistic physical assumptions. More recently Hearn
{1969) has calculated the occupation numbers of a 41 level He I atom and
one level He IT ion but he only presents results for the resonance line
intenszities. We shall demonstrate that more levels are required in He IT

to obtain correct line intensities,

Jefferies (1957) has calculated the D3 line intensity from a layer
assumed to be opitlcally thick in the D3 line., The transport eguation was
solved assuming incoherent geattering with ne photospheric radiation in
the line, Jefferies' results are very qualitative since it is known that
the D3 line is probably not optically thick.

To obtain accuraste line intensities, simultaneous solution of the
line and continuum radiative transfer equations and the steady state
populations is required. To accomplish this, we bhave developed three
separate codes. The first code (Code l) solves the statistical equili-
brium equations for a 30 level He I-IT-ITT gystem given the appropriate
rates. The basic equations and sample solutions are given in Section TI.

The code is described in Section V and a listing is given in Appendix A.

The second code {Code 2) represents a numerical golution of the
line transport equations for a finite layer. The solution is of the
integral form of the transport equation by expansion of the source func-
tion in terms of a finite sum. The mathematical method used 1s summarized
by Avrett and Loeser (1969). Complete frequency redistribution and &

Gaussian shsorption profile are assumed., The basic equations and sample



solution are given in Seetion ITI, The code is described in Seetion V

and g listing is given in Appendix B.

The third code (Code 3) solves the continuum transport equation
by expansion of the source functlon in a very similar manner to the line
transport equation. The equatlions are given in Section IV. The code

iz described in Section V and a ligting is given in Appendix C.



1T, THE STEADY STATE EQUATIONS

A, Energy Level Model

The 30 assumed energy levels for the system of ions He I -~ He III are
given in Table II-1. There are 19 levels for He I, 10 for He II and 1 for
He III. These levels are shown in Figures II-1 and II-2. The levels are
numbered 1 - 30 in order of increasing energy. Levels 1, 20 and 30 are the
ground states of He I, II and III, respectively. This model was chosen to
provide accurate solution for the first two resonance lines in He I and II
and the D3 and 10830 lines of He I. Many other lines are included but were
not the primary iines under consideration. The allowed transitions included
in the model are listed in Table II.2 together with f numbers and wavelengths.
The inclusion of the 4 S,P,D and F levels separately is necessary becatise at
the lower electron densities considered radiative de-excitation rates can
become larger than collision rates between the n = L4 levels. At higher electron
densities the collision rates between the n = I terms dominate all other rates

in or out of these terms and the relative populations are Boltzmann.

‘The rate equation describing the population of the bound or continuum

state 1 is

s, (R -~R )} =0 1.1

where Rin and RYij are the total transition rates/cm§ by process v from state

J to i and from 1 to J respectively. The sum S represents a sum over discrete
states and an integration over continuum states. We shall assume the particle
translational distribution~functions to be Maxwellian and the external

contimuum radiation field to be Planckian, in which case it is possible to
integrate over the continuum and replace it by one additional term in the discrete
sum, The atomic transition processes are radiative excitation and ionization,
collisional excitation and ionization by atoms and electrons and their inverses.
Because of their higher wvelocities, electron collisions generally dominate the

collisonal rates and hence only electron inelastic rates will be considered.



TABLE II.1
He I, IT Energy Levels

He I i=1
J Energy (ev) Wave Nos. St.Wt.
1 1s¢ I 0 0 1
2 1625 8 19.821 159850 3
3 1ses s 20.618 166272 1
L 1s2p 3PO 20.966 169081 9
5 1sep P° 21.220 171129 3
6 1s3s 35 22,721 183231 3
7 1s3s s 22,923 184859 1
8  1s3p -p° 23.009 185559 9
9 1s3d 3D 23.076 186096 15
10 1s3¢ D 23.076 186099 5
11 1s3p 8 23,089 186204 3
12 1lshs 35 23.596 190292 3
13 lshs 15 23.676 190935 1
1 1ap PP 23.710 191211 9
15 1skd oD 23.738 191439 15
16 lebd D 23.739 191441 5
17 lahf  SFC 23.739 191447 27
18 1ghf  F° 23.739 191447 7
19 1ty PP 23, ik 191487 3
He - i=2
1 1s g 0 0 2
2 23 % 40,8099 329179. 57 2
3 g 40.8091 329182.02 6
n 35 °s 18, 3662 390140. 76 2
5 3p 2p° 48,3664 390141.49 6
6 3d % 48,3665 390142, 64 10
7 bg %s 51.0113 411476.98 2
8 4p 2p0 51.0114 411477.28 6
9 4d 2y 51,0115 41I47T.TT 10
10 4 O 51.0117 B1I4TT.95 el
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TABLE IT.2

He I, IT Lines

He T
Upper Lower A
Level Tevel Notation A1) ( 108/ sec) f
N 2 1 10830 1022 .5391
5 1 2w 5644 17.99 .2762
5 3 20582 .01976 L3764
6 4 10 7065 .278 L0693
7 5 45 7281 ©.181 L0480
8 2 2 3889 .09478 L0646
8 6 4, 3044 .0108 .896
D3 - 9 I 11 5876 . 706 .609
9 8 1.86+5  1.28-4 111
10 5 " 46 6678 .638 LT11
11 1 3w 537.1 5.66 L0734
11 3 I _ 5016 .1338 . 1524
11 T T340 .00253 .629
12 4 12 4713 .106 .0118
12 8 21120 . 0652 145
13 5 47 5049 .0655 .00834
13 11 21132 L0459 .103
14 2 3 3188 L0505 .0231
14 6 12538 . 00608 L0429
1k g 19543 .00597 .0205
14 12 : 1.09+5 L0505 1.21
15 4 14 hy72 .251 .125
15 8 17002 .0668 L82
15 14 L, 39+5 4,16-5 .200
16 5 43 hgeo 202 122
16 11 19089 L0711 LeLT
17 9 18688 .139 1.02
17 15 14347 6.01-10 .0033
18 10 18699 .138 1.01
18 16 1.67+7 4, 34-10 .00253
19 1 L uv 522,2 2.46 .030
19 3 5 3965 L0717 .0507

19 T 15088 L0137 L1%0

%



TABLE II.2 (Continued)

He I

He I1

Upper Lower BA
Level Level Notation ML) (10" /sec) f
19 10 18560 00277 .00858
19 13 1.81+5 5.78-4 .853
19 16 2,17+ 5.65-7 .02k
3 1 303.80 100. 4162
n 3 1640.5 1,01 .01359
5 1 256, 3 26.8 .0T7910
5 2 1640, 4 3.59 4349
6 3 1640, 4 10.3 .6958
7 3 1215.1 413 3.045-3
7 5 4687.0 . 294 .03225
8 1 243,03 10.9 .02899
8 2 1215,1 1.55 .1028
8 n 4686.8 LA491 L8y
8 6 4687.2 .056 .01099
9 3 1215.1 3.30 .1218
9 5 4686.9 1.13 .6183
10 6 4687.1 2.21 1.018
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We may write the total rate from i to j more specifically as,

, .
Ryij = niPij = ni(Aij + cij), II.2

where A;j and cij are the radiative and collisonal transition rates/particle
from the ith to the jth state. 1In the statistically steady state, equation
JI.1 reduces to

,jE;Li FarPiy) SRR T Pug RS 1.3
The system of equations represented by ii;B can easily be solved for the
populations n, when zll the Pi.'s are known. This is the case when the gas
is totally optically thin (in all lines), since the external radiation field
is specified and the internal radiation field does not produce a significant
upward transition rate. We can characterize the system of linear equations
(I1.3) by a matrix whose coefficients aid are equal to Pji' The diagonal
elements are the Pii'

The general solution of equations (II.3) is given by White (1961.)

n, = P Ay = Tgﬁl—- , II.b
i _
where ij is the co~factor of the coefficient of n, in the mth equation
(i.e. the matrix element PmJ.) and N is the total nﬂmber of He particles/cma.
We denote the discrete level corresponding to the continuum, i.e, an ionization

or recombination, by c. We may then write the rate equation for level i of

ion q as,

(Pl +gP? 4y Pl at %+t a-Lse,q-1 o
(§ 1] %r iej! %t ClJ')n * % PJ i Ty * ﬁipJ ity +-2P © IL.5

where j and j' refer to other bound levels in the qth ion and in other stages

3

of ionization, respectively, Pl is the total excitation or de-exc1tat10n rate

in ion q from i-j; Pq icj! and Pj'i ¢ are the total ionization rates from i in

g to J' ing+ 1 and to i in g from j' in g - 1, respectively; Pgij‘ and
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p§13+1 are the total recombination rates from i in g to J' in g -1 and to i

in q from j' in g+l, respectively. Specifically we'may write the P's as follows:

bound-hound
; . q 4 q ,a q
> = A + + X
t2d Fiy i * Y5848 T B
) T -q 9 I1.6
1< Pij = YijBijBr +,nenij
bound-free (from initial state g,i)
: q _wr4 5 4
ionization Picj' = WA 1y + n 0 13t IT.7
X . 3 _ ad 9
recombinetion Pcij'" néa 30 n Wﬁl , ne%§ 5
bound-free (to initial state q, 1)
ionization e gl gt
i i e’ 3ti
I1.8
c,g+l q+l g+l 2 = g+l
recombination Pj‘i = néxj‘i + neTrJ[E';J,1 t o, Q 31

where ne is the electron density/cms; Br is the Planck function at‘temperature'
T, W is the dilution factor; ng is a free parameter, A%J, ng are the Einstein
trangition probabilities; A gj 1s the photoionization rate/ion; ng, ﬁ'gj are
the collisional transition_rates/electron rer ion for bound-bound and bound-free
processes, respectively; 523 igs the collisional transition rate/electron2 per

ion for free-bound recombingtion; and agj’ ng are the recombinpation, and

stimulated recombingtion coefficients, respectively.

The basic quantities reguired for the evaluation of the radiative rates
are the oscillator strengths and photoionization cross sectionsg; <for the colli-
sional rates the excitation and ionization cross sections. The inverée crossg
sections and Einsteln coefficients can be obtained from the usual detailed balance

relations. The guantities 2, ﬁ} Q and & generally have the form

I va(v)i(v) av, 1.9



where v is the electron velocity, Q{v) the cross section and f(v) the electron
translationsl distribution function. A may be written in terms of the photo-

ionization cross section a(v) as
by [ —§'-1£1—z)——- B(v) dv. I1.10

B 1s expressed similarly in terms of the stimilated recombination cross section

b(v).

Bolutions can be obtained for any arbitrary line radiation field by
suitable choice of the parameter ¥ which is closely relsted to the net radia-
tive bracket (NRB). Y varies between O and 1 being O for a thin layer (no
external radiation) and 1 for a very thick lsyer where the line radiation field
is Planckian. For a thin line with external photospheric radiation Y = 1/2 B(T ).
Various continuum radiastion fields can be considered by suitable choices of

A.
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c. Reaction Bates

Ogeillator strengths for all of the allowed transitions included in our
model (Section II.A) were found in the NBS compilation by Wiese et al. (1966).
Photoionization rates were obtained from Bartree-Fock calculations of Stewart
and Webb (1963) for the ground}state of He T and from calculations by Peach {1967)

for the nl S, n3 S, nl P and n” P levels. PFor all other levels cross sections

were calculated using the quantum-defect method of Burgess and Seaton (1960).

Collisional ionization rates were obtained frow measurements of
Englander-Golden and Rapp quoted by Kieffer and Dunn (1966} for 1t S, from measure-
ments of Long (1967) for 23 5 and from calculations of Dolder, et al. (1961
for the He II ground state. For other levels the ionization rates were taken from
Allen (1961).

The collisional excitation cross sections are crucial to the solution
of the steady state equations. TFor this reason we have made an extensive
tabulation and study of rates from many sources. A paper entitled "Electron

Impact Excitation Rates for Helium" describing these rates was published in

the December 1972 isgsue of Solar Physics (Benson and Kulander, 1972). Excitation
rates were calculated from most. available cross section data, and fitted to the

empirical formula

o = art exp (-O.'Xo)

where X = EO/kT ; A, n and & are constants. For He I the temperature range
considered was 4000-50,000%K and for He II, 10" - 10®K. Rates between all

levels of the model of Section iI.A were calculated. The inverse rates for both
radiative and collisional transitions were calculated from standard equilibrium

relationships.

We shall discuss briefly some of our conclusions concerning the electron
impaet rates beginning with the He I rates.
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Generally both forbidden and allowed rates are in better agreement
for higher temperatures than for lower temperatures, The allowed rates are
in much better agreement than the forbidden rates. The allowed rates from
ground state or level 2 generally show differences as large as a factor of
10 for low temperatures amd as large as 5 for high temperatures. Between
other levels (n = 3) the differences are only as much as Tactors of 3 at

low temperatures and 50-100% at high temperatures.

In He I the forbidden rates generally differ by as much as a factor
of 100 at low temperatures, a factor of 20-50 at higher temperatures. Differ-
>

ences as high as a factor of 107 are noted in a few cases, differences of
factors of lO3 are not uncommon. If one does not consider the highest and
the lowest rate value for each transition the differences are generally
reduced to factors of about 10 at lower temperatures and 5 at higher tempera-
tures. Forbidden transitions with lower level n = 2 show differences 2-3

times less than those with n = 1.

For transitions between the higher levels only the very approximate
cross sections of Green {1966) and Allen (1963) are available for forbidden
transitions and for allowed transitions those of Seaton (1962), Saraph (1964)
and Mihalas and Stone (1968). Comparing the two approximate results for
forbidden transitions with the other measured and calculated values we find
the approximate results generally lower by factors of 2-10. For higher levels
the Green cross sections are generally higher than those of Allen. With re-
gard to the Seaton and Saraph approximations, it is not conclusive which is
more often closer to the other values. The Seaton approximation gives values
generally higher than the Saraph approximation for lower temperatures while

the reverse situation holds for higher temperatures.

For He II there are relatively few crcss sections available., The
largest differences, being about a factor of 5, are much legs than for He I,
For both He I and He II experimentally determined cross sections give lower
rgtes than the caleulated values.
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The actual collisional excitation rates chosen represent mean values
of those given in the paper, taken from variocus sources listed there. To
determine the gsensitivity of the solution to thesge rates the statistical equi-
librium equations were solved after increasing the individual values of
the collision rates per electrom (I between each state by a factor of 100. This
was done to determine the sengltivity of the solution to the collision exei-
tation rates. We chose the optieally thin cage with T = 20,OOOOK, ne = lOlO
for this test. We illustrate in Figure II.3 the effect on the population of
the levels 1, 2, &, 9, 11 and 20 of each perturbation in collision rate. Of
course in many instances increasing a particular Qij by 100 had little effect
on the populations of the levels mentioned. 1In Figure IL.3 we show the 10
transitions i-j which have the largest effect on each of the above levels.

The ratico of the population after increasing Qij by 100 to that before the
perturbation is shown. We note that changes of 10 to 50 in these important
populations result from an uncertainty of a factor of 100 in the rates.

All the triplet levels of He I had about the same response to the change
in . When the rate from the He I ground state (Gji) te triplet levels increased
the triplet populations increased. When the triplet to singlet rates increased
the triplet populations decreased as would be expected. The He I G.S. population
is5very sensitive to the rate from the G.5. to the metastable 2 55 level fnd
2

a1 lS - 2 53) was increased by 100. At the same time the He II G.S. pupulation

P level). The 1 lS level population was decreased by about 20 when

was increased. An increased rate from the triplets to singlets results in
increased 1 lS‘pépulation and & corresponding decrease in 1 25 population.
The populatioﬁs of the upper levels of the 584 and 537 A lines are very sensitive

to the rate from the 1 1S to 2 lS level increasing as this rate increases.
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D. Sample Solut

A code which we shall dezignate az code 1 has been developed fto solve
the steady state population equations given in Section IY.B. This code is
deseribed in Section V. We discuss in this sectlon some sample solutions of

the steady state population equatlons.

The gas 1s assumed irradiated over 2n ster by a Blackbody spectrum
at GOOOOK representing the photospherle radiation field., The gas 1s assumed

to be optically thin for all lines and continuua unless otherwise specified.

1. Ionization Equilibrium

In this section we illustrate results for the ionization eguilibrium,
Fg II-4 shows the ratio n1/n20 with T = 30,000°K at various values of n_.
For an atomic model with only levels 1 and 20 the ratio n,/n,, is approximately
constant with n, gince both the collisional ionization and recombination rates
are proportional to . The optlcally thin solution for two levels is shown,
The results are generally within a factor of 2. For very low n, all of the
levels of He T except 5, 11 and 19 represent additional paths from level 1
to level 20. Thig is s0 because the photolonization rates from these levels
exceed almost all collisional rates. nl/n20 is hence lower at n, = lOlD than
the two level solution. For somewhat higher electron densities the collisional
rates between the singlets and triplets exceed the photoionization rates.
Hence, the recombination to intermediate levels results in conversion to the
5, 11 or 19 level and thence to the 1 level by spontaneous emigsion, The
rate from 20 to 1 is now enhanced and nl/n20 exceeds the two level solution.
At still higher electron density the collisional ionizsation rates begin to be-
come greater than either the spontaneous emission or collisional deexcitation
rates. Now all intermediste levels represent paths from level 1 to 20 and
nl/n20 becomes lower than the two level solution. This is seen to be the case

at n = lOlA.
e

We turn to the aclutlon when the resonance lines are optically thick.
The result for detalled balance (db) in the first resonance line is shown
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HELIUM TOMIZATION EQUILIERIUM
T

30,000

Pigure II-L




19

by the curve labeled pl5 = 0 (p is the net radiative brackett). Also shown are
results for db in the second and third resonance lines. Increasing the radiative
excitation rate increases the effective ionization rate and the amount of 16 by
several orders of magnitude. We thus note the important result that the ioniza-
tion equilibrium is strongly influenced by the optical thickness of the resonance

lines. ‘The LTE result is also shown and is labeled LTHE,

2. Level Populations

Many sample solutions have been obtained for the level populstions or non-
equilibrium parameters, b, where b = n/nequil‘
We have completed a parametric study of the effect of optical thickness in the
resonance lines and continuua upon the level populations, ILevel populations were
obtained for various physically meaningful combinations of resonance lines and
continuua being optically thick or thin. That is to say each resonance line or
contimwua was assumed to have a net radiative brackett of either O (completely
thick) or 1 (thin). The results cover the temperature range T = 10,000 to
50,000 °k and electron density range n, lolo -L lh m-j. Due to space limita-
tions we cannot present results for all 30 levels of the model. Hence levels
1, 5, 9, 20 and 27 were chosen to illustrate the results,. Referring to section
IT.A we see that levels 1 and 20 are the ground states of He T and II,
level 5 the upper level of the 58#&? line, level 9 the upper level of the D3 line
and level 27 the upper level of the h686ir~line of He IT. Figures II.5-29 show
results for each of these 5§ levels for electron temperatures 10, 2 x 10,
3 x 1oh 4 x 10 and 5 x 10 K. 1In each figure the ratio of the actual popu-

lation to the equilibrium population, b, is given as a function of n,.

At each temperature caleculations were made for combinations of net radiative

brackets corresponding to layers of varying total thickness. There are 3
resonance lines in the model for both He I and He IT. Thése & lines together with
the Lyman continuua for each ion are allowed to become optically thick in

our calculation. Thus, there are eight lines and continuua which can be
optically thick or thin depending upon the physical thickness of the layer.

Fach  flgure  shows a completely optically thin solution labeled T and 8
other solutions labeled 1 - 8 which correspond to the combinations of optiecal
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thicknesses given in Table IT.3. On this table (1) refers to the 584} line, (2)
refers to the 537A line, (3) refers to the 522& 1ine and (4) refers to

the Lyman continuum of He I. Similarly the numbers 5 - 8 refer to the 304,

256, 243k lines and Lyman continuum of He IT. When a number appears in

Table II.3 the corresponding transition has been assumed optically thick

(i.e. in radiative detailed balance) in obtaining rate coefficients for the
level population solutions. Transitions not appearing in the table are
assﬁmed optically thin. It is noted that progressing from case 1 to 8 corres-
ponds in general to the layer becoming thicker. Case 8 always carresponds to
all 8 lines and continuua becoming optically thick. For example, with

T

e
He I and the first resonance line of He II.

it

5O,OOOOK case 4 represents the NRB = O in the first 3 resonance lines of

We shall discuss briefly the solutions presented in Figures IT.5-3Q. For

T thOT{most of the He is He I. The He I ground state population is not

e
affected by optical thlckness except slightly at 0, 10 Similarily Figure II.6

shows that once the 584 A line becomes thick the radlatlon field in other lines

]

and continuua do not affect it., The D3 line upper level population shown in Fi-
gure II.7 is a strong function of the 584 A line and He I Lyman continuum optical
depths and to a lesser extent dependent on the 537 and S22 K lines. Increasing
the singlet populations hence increases the D3 emission. The optical thicknesses
of the He II lines and continuua do not affect the D3 line. From Figure II.8 jt ig
seenthat the He IX ground state exhibits a similar behavior. At 20,OOOOK the

He I and He ITI densities are véry roughly the same, The thin solution shows

that He I is greatly overpopulated and He II slightly underpopulated with respect
to LTE. Increasing the optical depth in the He I resonance lines and continuua
now increases the ionization by absorption of photospheric radiation from upper
reéonance line levels and thus increases the He II density and decreases the

He I density. The D3 line upper level population increases with increasing
population of the singlet levels but decreases when the He I Lyman continuum
becomes thick due to decreasing total He I density. As before the He II resonance

line and continuum radiation fields do not affect the He I level populations.

At 30,000°K both He I and II ground states are overpopulated at the expense
cf He ITI. The He ITI ground state population is sensitive only to the Lyman

continuum of He IT while the He I population depends upon both continuua and the
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Table II-3
OPTICAILY THICK LINES CHOSEN

Case thber
1 2 3 4 5 6 7 8
Temper- _
ature 1 4 1,2 1-3 | 1-4 1-5 | 1-6 1-7 | 1-8
ox10% 1 | 1,2 1-3 1-3% 1-73 1-3% 1-3 -
5 5y 6 5"'7 5‘8
5 5,6 BT 1 | 1,2 1=3 1=3
3 10" 1-8
X | 5=T 5=7 5=7 5=8
4}(1(}4 5 5, 6 7 . 5-8 1 1,2 1=3% 1-8
5-8 5=8 5=-8
| 4 5 5,6 b S=T 5=8 1 1,2 1-3
5x10 ’ ’ 1-8
5=8 5=8. 5=-8

‘He I resonance lines. The D3 line is sensitive only to the optical thickness in
the two Lyman contiryua. The level 27 population depends upon the He II resonance
lines and continuua only. At Té = L40,000°PK all the levels have a strong dependence
on the optical thickness of the He II Lyman continuyum. When this continuum is thick
thepopulation of He III is greatly increased while those of He I and II are decreased,
- then decreasing all of the level populations; For levels 9 and 20 this continuum
has the largest influence, ILevels 1 and 5 are also dependent on the He I resonance
" line and continuum optical depths. At 50,000° K the level populations have the
same behavior as at 40,000°K, ' '
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3. Optical Thickness and Line Intensity

Figures I1.5-29 have illustrated the effect of optical thickness in
the resonsnce lines and continuua on certain level populations. We now seek
to determine the approximate optical depths of a flare layer. For purposes
of illustration we congider a 1000 km thick layer. For each of the same casges
given in Table IT.3 we have obtained the line center optical thickness in the
584, 304, D3, 10830A lines and at the threshold of the Lyman continuuas of
He T and II. Optical depths are not shown for the 537, 522, 256, 2h3h lines
because they are always simply a constant fraction of the 584 and 3044
line optical thicknesses, namely 7v(537) = .27 7(584), +(522) = .11 7(584),
t{256) = .19 7(304), and T(2k3) = .070 T(304).

The optical thicknesses are given in Tableg IT.L - IT.8 The He
dengity is assumed to be one tenth of the eleciron density. The number
following each entry is the power of 10 by which the entry is multiplied.

We note that the 10830 and D3 lines can become thick for high electron den-
gities even at 5O,OOOOK. These lines dc not become thick at lO,OOOOK. There
are many cases in which a mumber of lines and continuna are optiecally thick.
This does not mean however that simultanecus transport equations must be sclved
for these lines and continuuwa. Which line gnd continuum radiastion f£ields must
be obtained simultaneously depends upon the level population being sought as
well agz the temperature, density and layer cptical thickness. To determine the
effect of various lines and continuua on levels 1, 5, 9, 20 and 27 we can refer
to Figures II.5 - 29. For example, Table II.9 shows the approximate maximum
percentage error encountered in the D3 line upper level population by solving
only fcr the lines and continuua given in each box. The eflect con any level
can be obtained from the output from Code 1. Figures IT.5 - 29 illustrate the
cffect of varying the NHE between O and 1. In practice when the layer becomes
~optiecally thick it does not usually become so thick that the NRB = Q. In érder

Tor the line radiation field to become saturated we require

o> (e,
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Table II-L
OPTICAL THICKNESS - 1000 KM LAYER
T_ = 10,000 °K
Case .

TRANSITION 1, T 1 2 3 L 5 6 8

1010
584 3. 7+b = = = L.3+k = = -
504 7.6 = = = b1 = = =
5876 2.8-8 1.1-5 2.1-5 .7-5 8.0-k = = =
10830 2.6-7 1.0-h L9~k 2.5-4  7.4-3 = = =
30k 1.5-2 9.6 8.6+2 = = =
228  l.h-6 9.3-4k 1.8-3 2.4.3 8,32 = = =

_ 10Mt _

584 3.7+5 = = = = = = =
504 76 = = = = = = -
5876 1.3-6 1.7-4 2.2-% 3.7-4%  6.7-3 = - -
10830 1.2-5 1.2-3 1-3  3.4-3 .22 = = =
3oL .0L6 1.643 = = =
228 4 h-6  1,0-3 1,9-3 3.1-3 .15 = = =

107
584 3. 7+6 = = = = = = =
50k 7.642 = = = = = = =
5876 1.5-5 1,1-3 2.4-3 L7-3 0 152 = = =
10830 1.2-4 8.6-3 02 3.7-2 0.12 = - =
304 0.10 1.3+3 = = =
228 9.36 1.0-3 2.8-3 6.0-3 1.2-1 = = =

o 10%? | '

584 3. T+T = = = = = = =
504 7.6+3 = = - = = - -
5876 2.1-4 1,02 3,1-2 412 6.2-2 = = =
10330 1.b-3 L72 0.13 0.17 0.26 = = =
2ok 0.56 1.3422 2.542 1,143 - = -
- g28 5.4-5 2.7-3 1.3-2 2.4-2 1.0-1 = = =

10
500 ' ANARS ez = = = = = =
50h 7. 6+h = = = = = = =
5876 5.6-3  0.15 0.2k 0.26 0.29 = = =
10830 1.4-2 0,37 0.5h4 0.59 0.66 = = =
30k Y7 1.7+#2  5.0¢2  6.142 9.342 = = =
228 h.g-h 1.6-2 4,82 5,92 G.0-2 = = =
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Table II-5
OPTICAL THICKNESS - 1000 KM LAYER
T, =2x10 °K
Case
TRANSITION U T 1 2 5 b _5 6 7
10%° -
584 1.7+3 3.4 0.92 0.52 = = = 7.0-3
504 0.3%6 7.2-%  1.9-4 1.1-4 = = = 1.5-6
5876 1.7-3 1.8-3 1.7-3 = = = = 9.6-4
10830 1.62 1.7-2 1.6-2 = = = = 9.3=3
3ph 1.5+3 2.8+3 = = = o= = 2.0+3
228 0.10  0.19 = = | = = = 0.13
1011
S84 2.0+ 2,242 6L, 26. = Co= = 1.0
504 5.7 6.3-2  1.7-2 T.h-3 = o= = 2.9-4
5876 b.32 0.1 = = = = = 332
10830 0.38 1.0 0.86 0.93 = = = 2.9-h4
30k 5.1+3  2.1+h = = = = = =
228 0.43 1.8 = = = = = =
1012 _
584 2,3+5 1.0+4% 2.043 5.6+2 = = = 100.
50L 65. 2.8 0.56 0.16 = = = 2.8-2
5876 0.90  L.3 4,0 3.1 = = = 1.0
10830 5.3 2k, 22, 17. = = = =
304 3.3+h  2.045 = = = = = =
228 2.7 16. = = = = = =
. 107
58k 2,046  1.245 L.T+L  8.5+3 = = = 5.243
504 6.142  37. 5.2 2.6 = = = 1.6
5876 18. 63. L8, 38. = = - 28,
10850 37, 1.3+ 90. 69. = = = 52,
304 : L,Oo+5 1.9+6 = L= = = = =
228 : 36. 170, = = = = = =
lolh
58k 2,047 1,246 3.8+5  3.045 = = = 2.6+5
50 5.8+3% 350, 110. 87. = = = 15,
LA ADRL TEARE Y TEL R VO TR FL IR & Sol = = WS+
IIARE (P TIARE VYRRV AN S Y TN = = = 5.1+42
s0h bolt Lo = = = = = =
08 - hso, 1.7+5 = = = = - =
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OPTICAL, THICKNESS - 1000 KM LAYER
T, = 3 x 10l+ °k

Case
TRANSITION Mg T 1 2 3 i 5 6 7 8
1010
58k 23, = 22, 21, 2.52 5.2-3 2.7-3 1.7-5 1.6-5
504 8.4-3 = = 8.2-3 1,06 2.0-7 1.0-7 5.9-6 6.0-11
5876 1.3-3 = = 1.2-3 T7.7-%  7.0-k = h.z-6 3.2-6
10830 1.2-2 = = 1.1-2 7.2-% 6.5-3 6.4%-3 L.0-5 3.0-5
304 1,643 = = = = = = 10. =
228 0.18 = = 0.17 = = = 1.1-3 =
1M '
' 584 ' 6.3+2 = = = 2.0 0.4%  0.15 8.8-3 2.6-4
504 0.19 = = = 7.2-4  1.5-4% 5,0-5 3.2-6 1.0-7
5876 6.8-2 = = = 5.2-2 L.,5-2 = 2.9-3 8.2-5
10830 0.57 = = = 0.43 0.37 = 2.%-2 7.0-5
304 1.6+k = = = = = = 1.0+3 =
228 1.7 = = = = = = 0.10 =
102
584 7.3+3 = = = 62. 9.6 2.5 1.0 0.13
504 2.6 = = = .22 3.4-3 8.9-4 3.6-4 L4,6-5
5876 1.5 = = = 1.4 = 1. 0.he 0.15
10830 6.8 = = = 6.2 5.9 %, 1.8 0.63
30k 1.645 = = = = = = 6.4+l =
228 18. = = = = = = 7.0 =
| 1012
581 4. 8+h = = = 6.542 76. 8, 32. 17.
504 17. = = = 0.23  2.7-2 1.b-2 1.2-2 6.L4-3
5876 22. = = = 18, 15. 12, 10. 7.3
10830 32, = = = 725, 19. 15. 13. 10.
304 1.646 = = = = = = 1.44+6 =
" 208 1.842 = = = = = = 1.542 =
lolh
58k 3.1+%5  3.345 3, 7+5 = 5. 43 1.8+3 1.b+43 = 1.1+3
50k 1.242 = 1.5+2 = 2.3 0.69 0.48 = 0.38
5876 2,042 = 2.4+ = 1.942  1l.h+2  1.3+2 = 1.242
10830 2.642 = 2,142 = 1.7+ l.2+2 1.142 = 1.042
304 1.5+7 = = = 1.6+7 = = = =
228 1.8+3 = - = = - - - -
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Table II-7

OPTTCAL THICKNESS - 1000 KM LAYER
T, = hox 10li °K

Case
TRANSITION o, T 1 2 3 b 5 6 7 8
10t°
584 1.9 = 1.5 0.37 1.9-% 1.0-7 1.7-8 8.5-9 5.5-11
504 7.6<% = L.5-4 1,5-h 7.6-8 L4,0-11 6.8-12 3.4-12 2.2-1k
5876 8.3-4 = 6.4-4 1.6-4 1.6-8 1.4-8 1.2-8 = 6.6-9
10830 T.7-2 = 5.9-3 1.5 7.7-7 1.3-7 1.0-7 = 6.0-8
204 1.5+3 = 1.243 2.2 2.9-2 = = = =
228 0.18 . = 0.11 .035  3.5-6 = = = =
1ott
584 4o. 38. 33. 15. 6.7-3 L.,3-5 8.0-6 2.7-7 L.7-9
504 1.7-2 | = 1.5-2 7.0-3 2,846 1.8-8 3.4-9 1.1-10 2.0-12
5876 0.32 0.31 0.27 0.13 5.6-6 = 3.8-6 = 1.2-6
10830 0.26 0.25 0.21 0.11  L.5-5 = 3.9-9 =  1.3-5
304 1. b+l = 1.3+4 7.6+3 2.8 = = = =
228 1.8 = 1.6 0.81 3.6-k = = = =
1012
581 ho#2  h.1+2  3.742 2,542 0.82 8.1-3 1.1-3 2.5-h  3.3-5
SOL 0.17 = 0.15 0.11 3.40-4 3,46 L 7-7 1.2-7 1.4-8
5876 0.69 0.67 0.61 0.4 1.4-3 = = 1.1-3  L4,0-4
10830 2.6 2.5 2.3 1.5 5.0-3 =  4.,9-3 4.0-3 1.4-3
30k | 1.5¢5 1.5  1.35 B.7+k 2.9+ = = = -
228 18. 17. 16. 11. 3.6-2 = = = =
‘ 1072
58h' 2.7+3  2,5+3  2.3+3  1.643 0.80 0.10 s 2,02
S0i 1.0 0.92 0.84 0.68 2,2-2 2,1-4 36-5 1.8-5 T.7-6
5876 9.1 8.7 8.0 5.6 0.19 0.16 0.13 0.10 8.0-2
10830 11. 10. 9.2 6.5 0.22 0.19 0.1k 0.12 8,5-2
30k 1.5+ 1.6 1.246 8.8+5 3.0+4 = = = =
228 180. 170, 160, 100. 3.6 = = = =
W lolh
58k 2.1+4  2.0+h  1.7+h  l.2+h 3,143 9.0
50k 8.4 7.8 6.4 3.0 0.77 1.3-2  4.,0-3 3.2-3 2.2-3%
587G 99, a5, 83. 58. 15. 12. 10. 9.0 8.3
10850 6. 2. 62, IS, 11. 10, | 7.0 6.6 6.0
A0 1y = LT 9.0 2,340 = - = =

o8 L8123 1075 Lhes 1ees 3,042 = - = =
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Table II-8 _
OPTTCAT, THTCKNESS - 1000 KM LAYER
T, =5 x 10l+ °K |
Case
TRANSITION D T 1 2 3 L 5 6 7 8
1030
584 0.35 0.21 howp 3,5-3 2.1-7 - - - -
504 1.5-4 9.0-5 1.8-5 1.5-6 9.0-11 - - - -
5876 s.h-h 344 6.5-5 5.3-6 3.,2-10 - - - -
10830 h,9-3  3,0-3 6.0-4 5.0-5 3,0-9 - - - -
30L 1.3+3  7.8+2  1.6+2 13. 7.8-4 = = = =
208 0.18 0.11 2.2-2 1.8-3 1.1-7 = = = =
10tt
584 6.6 k.o 1.3 0.26 4.0-5 - - - -
50k 3.0-3 1.8-3 5.9-4 1.2-4 1.8-8 - - - -
5876 1.82 1.1-2 3.6-3 7.2-4  1,1-7 - - - -
10830 0.14 8.h-2 2.8-2 5.6-3 8.h4-7 - - - -
30k 1.3+4  7.843  2.6+3 5.242  7.8-2 = - - -
228 1.8 1.1 0.36 7.2-2  1.1-5 = = = =
102
584 62, 37. 12, 3.1 3.7-3 - - - -
50L 3.0-2 1.8-2 5.8-3 1.5-3 1.8-6 - - - -
5876 0.37 - 0.22 7.4-2 1.822 2.2-5 - - - -
10830 1.2 0.75 0.24 6.0-2 7.2-5 - - - -
304 1.3+5 7.8+4 2,644 6.5+43 7.8 = = = =
228 18, 11. 3.6 0.90  1.1-3 = = = =
1012
584 L1+ 2.l42 82, 20. 0.25 4,0-3 L,5-4 2,3-4 9.,0-5
50k 0.18 0,11 3.6-2 8.8-3 1.1-4 1.8-6 2.0-7 1.0-7 4.0-8
5876 L.8 2.9 0.9 0.2k 2.9-3 2.6-3 2.2-3 1.7-3 1.3-3
10830 h.g 2.9 1.0 0.25 2.9-3 2.6-3 2.1-3 1.7-3 1.3-3
304 1.346  T7.845 2.645 6.5+h  7.8+2 = = = =
228 180, 110. 36. 8.8 0.11 = = = =
lolh
58k 3.0+3  1.9+3 S5.0+2 160. 19. 0.35 0.1  8.5-2 5.9-2
504 1.k 0.84 0.22 7.0-2 8.9-3 1.6-4 5.1-5 L.0-5 2.8-5
5876 L7, 0. 7.8 2.4 0.29  0.25  0.20 = =1
10830 33, 21. 5.6 1.7 0.21 0.18 0.1h = =
A0k A&7 7.846 0 2,146 06.5+5  7.8+4 = = = =
i T Lobes 2098 9,0+1 11, = = = =
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Table II-9 ERROR IN D3 Line Intensity
He T - b 3 Linve
b, 2, 4 , 2, % 1, 1, 4 1, 2 i, 2
o K
20 %0 Y07 S0 e Y0 Te 2§
. T [, I, 4 i, H f
A K10 4
2 0% £ 20°%0 257 1070
Te
. ), 4, ¥ 4, ¥ 4, & 4 T
Ixnio K
107 <% i 7o 30%0 | %0
4 4 HJ 71.? q) 7) ¥ q': 719 H'J ‘7)9 '-f,'?
Yy X0 K
qa°?g 5-079 '0070 .‘0070? Io"?p
‘s 4,8,6,17, ¥ 4, £,¢,7, & ‘l,s‘chL? L, £,6,1 % 4, §,¢,7
Sxi10 K
S0 %7, 10 %70 | § %70 1o% § 7o
(K] " = 13 [N
{o 1O 10 iQ 10
Me, (('—Mﬂ-l)
i b} 3 Y < 6 7 %
LinE L e Ly-c L S Ly-e
HeT Hel HeX He I He I Heldl Hell

He T
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TABRLE IT.10

CHARACTERTISTIC VALUES OF ¢, 1, C

n

Line Case
T (%) (emd) ¢ U L (k) #
10% 10 h.1-9 2.3-4  2.9-18 584 T
" " 5.1-14 " 3
1.2-8 1.2-8 1.8-28 304 T
10™ 4.0-5 8.0-3  4.0-14 581 i
" o 8.3-13 " 3
1.2-4 4.8-5 1.8-24 304 T
" n " ' " 3
2 x 100 10%° 1.1-8 2.344  6.1-13 584 i
" " 3.8-3 " 3
8.2-9 1.2-8  2.5.18 304 T
[ 14 1 11 . 1" 3
10t 1.1-4 2.2-2  6.4-9 584 L
" " 4.9-7 " 3
8.2-5 5.8-5 2.5-14 304 T
" " " g 3
3 x 10" 101° 1.9-8 2,34  4,3-11 584 T
. " " " 3
6.7-9 1.4-8 6.1-15 304 T
" n 4.2-G " 3
0™ 6.7-5 1.2-4  5,8-11 584 iy
" " 1.4-8 " 3
1.9-4 3.4-2  4.0-7 304 T
" " " " 3
b x 107 10%° 2.8-8 2.3-4 3.9-10 584 T
" 2.1-4  2.9-10 " 3
5.8-9 1.6-8 3.1-13 304 T
3

n

BT=T

n
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TABLE IT.10(Continued)

n

e Line Case
Te( °K) (en3) ¢ 1 L (%) #
10t# 2.8-4 4,52 3.4-6 5814 P
" " " " 3
5.8-5 1.9-4 2.8-9 304 T
" " 1.9-6 " 3
5 x 10t 10%° 3.8-8 2.3 1.6-9 584 s
" 2.0 9.0-10 " 3
5.2-9 1.9-8 3.5-12 304 T
n " 8.1-6 " 3
10 3.8-4 2,7-4  3.0-8 304 T
" 5.8-2 " " 3
5.2-5 2,74  3.0-8 304 T
" " 2.7-5 n 3
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for our assumed Doppler line profile. (For the continuum we require 7 >-g'l/2

where [ is the ratio of collisional to radiative recombination.)

Some representative values of the parameters ¢ and T (and () for the
564 and 304& lines are given in Table II.10. Values were obtained for each
temperature at n_ = 10%° and 10lu for the optically thin case and case 3
given in Table II.3. We can see from the optical depth tables that under many

conditions the layer is effectively optically thin, i.e.
-1
1<t s (e+TM) -

In this case the total energy emitied in the line from the surface of a layer

of opticsl thickness t, is given approximstely by

1
E~2/7 (e +uL¥) ty

l wﬁere (* = L/B.

The values of T and | vary with optical depth and an integration
over depth is required to obtain the total line intensity from the lgyer,

Using the optical depth tables and estimates of T and ( from code 1
we have obtained approximate sclutions for some line intensities. The lines
chosen are the 58%, 537, 304k lines and the D3 line. Figures II.¥-34 give
results as a function of T, for various n, while Figures II.35-39 show the
variation with ng for various Te' We note a considerably different variastion
with Te and n_ for the D3, 584 and 304k line emission. These different

variations give some confidence that similtaneous emission measurements
-of the three lines could yield uniéue temperatures and densities from the
emitting region.



21

TOTAL LINE EMISSION
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TOTAL LINE INTENSITY

Figure II-31
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TOTAL LINE EMISSION

Figure II-33
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TOTAL LINE EMLSSION

Figure II-34
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TOTAL LINE EMTSSTON

Figure II-35
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TOTAL LINE EMISSION
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TOTAL LINE INTENSITY

Figure II-38
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4,  Population Rates

It is very instructive to look at the various processes involved
in populating and depopulating the upper radiating levels. In other
words, to determine the exact proceases contributing signifiecantly to
the terms T\ and ¢ in the {transport equation. One way to do this is to
assume 8 3 or 4 level atom and evaluate N and ¢ from the analytic
solution choosing different levels for the 3rd or uth levels. This
would give us an approximate answer. Another way is to use the
complete solution of the statistical equilibrium equations for the
populations to evaluate the rates directly into the upper and lower

levels of the lines In question.

Solutions of the full SSS equations were used in obtaining the
relative rate processes shown in Figs. II-40 and II-41., Fig. II-40
illustrates the processes populating the 584k line upper level at
Te = 40,000°K for various electron densities. Four processes always
enter gignificantly. The largest of these is photoexcitation from
the 218 level by absorption of photospheric radistion, Direct colli=-
sional excitation from the ground state is next, followed by collisional
excitation from the 235 and radiative decsy from the 31D. Hence, both
the photospheric radiation and coupling to the triplet levels are impor-
tant.

Fig. II-41 shows relative processes populating the D3 line upper
level for the same electron temperature and densities. A much stronger
dependence on n is noted. Fhotoabsorption of photospheric radiation in
the D3 line 1tself is the domipant mechanism at low n . At high n o
this process iz small and the collislonal rate from the 31D is domlnant
with collisional excitation from the 33P and 238 levels also being
gignificant. Thus, the triplet - singlet interaction is again very
important. '
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ITT. LINE TRANSPORT SQLUTTON

A. Basgic Equations

The solution of the line transport equation that we have used in
the code developed {Code 2) is an iterative solution of the integral
eguation. The detalls of the method have been developed by Avrett and
Loeser (1969) in a mamner convenient for the simultaneous solution of both
line and contimuum transport equations. From Section IT.D, we note that
solution for the line and continuum radistion field simultanecusly is
necessary. We will only briefly summarize the method and equations in
this report.' |

In the statistically steady state the rate eguation describing the
population n, of the state 1 is

£ (n,P,, -n,P,.) =X 0P, =0
31 J Ji iij 3 J it

Pii T Pij, ' I1I.1
3

where Pij ig the total transition rate from i to J per second per particle

in the 1 state. 1In general, Pij = Ri,j + Ci.j’ where Rij and Ci.j represent
the radiative and ccllisional transition rates respectively. We shall
assume a Maxwellian distribution for the electrons. and helium particles and
since We also assume s known external radiation fleld, the transitions
involving the contimuum can be represented by a single term in Eq. III.1. We
can characterize the system of linear equations III.l by a matrix whose co-

efficients aij are equal to P In representing mgtrix elements and

Ji’
co-factors thereof, we shall always let the first subscript refer to the
row and the second to the column. Because of the definition of the transi-
tion rate the subscripts of the P's will be reversed when substituted for

the matrix elements a. The general solution of Eg, III.1 is

. N _
ng = AP h = ) | III.2



T1

where P™ is the co=factor of the element 85 = Py 10 the coefficient ma-
trix represented by the 1 equations of typeIlL]l and N is the total number
of helium particles per cm3. The matrix of coefficients has the property
that the co-factor of all the elements in & column are equal, i.e. ij is

independent of m.

When the medium becomes optically non-thin for certain frequencies
the radigation fileld producing intermnal excitation and ionization for these
frequencies is no longer merely the external radiation field but is pﬁrtly
dependent on the internal properties of the gas and mast be determined from
the radiative-transfer equation '

dIv
MoFT s Iv - Sv’ _ ITI.3
v
where cos_lp‘represents the angle between the direction of propagation and
the outward normal z and Ty = Ikv dz, Sv is the source function, kv is
the lipear gbsorption coefficient and Iv is the specific intensity of the
radiation. In LTE Sv = Bv’ however in the non-LTE case Sv must be specified
in terms of microscopic procegges. In terms of such procegses the trans-
Ter equation governing the spectral line between upper level u and lower
level I may be written asg

at |
- by Eﬁ = [n)B) & hv - n B¢ hv + bk ] T IIT.4

-nA,Jhv - uukcsc(Te),
where kc represents the continuum absorption coefficient at freguency v,
and Sc is the continuum source function. Blu’ Bul and Aul
transition probgbilities for absorption, stimulated emission and spontaneous
emission. J,, ¥ and &, are the normalized emission, stimulated emission

and ahgorption coefficients within the line defined such that

are the Eingtein

w L]
[aav=]yav= E—i—-{ Jaavan =1
_ T 0



The continuum absorption coefficient is generally very small compared with
the line absorption coefficient near the line center and will be neglected
in determining the source function within the line. Using the standard
relations between the Einstein coefficients and assuming jv = @V = ¢v,
the source function becomes

2hv3 1

2 lg,/g))(n/n)]-1" III.5

Sul =
c

where g represents the statistical weight. The minus one term in the

denominator represents stimulated emissions.

In evaluating the radigtive excitation rate Rij for transitions

bhetween bound levels the line radiation field enters as
m . —
RICENCRIE CR

where
I (1) = [ I (r,u) a
v be v ?
Ly

is the mean intensity and dw represents the solid angle. It is thus con-
venient to formulate the transfer equation in terms of Jv rather than Iv'
It is now convenlent to separate those components involving the unknown
radiation fleld, J ., from the co-factors. Thig is done by expanding the

determinant PlJ in terms of its co~factors QlJ. Thus

oy P g -r T gz op g
Kl 1w kflfu ¥
, I1T.6
). ku lu ku
Py P Q=P Q@ 4+ ¥ P Q.
Kfu & ul kfudl %

Actually, Jﬁl may appear in mamy of the co-factors since the line u-l may
fall in the ionization continuum of some other transition. The influence
of Jul as well as the line radiation in general on the bound-free radistive

rates will he neglected. Using the standard relationship between the
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Einstein coefficients, equation III1.6, and remembering that
ul Ju . .
& =@ and Alu = Blu I Jvivdv the source function may be written as

J& dv + eB + (
Plu 1 Vv

S " Pul X TFe 77 . ITI.7

where B is the Planck function

Clu
Bv’(Te) = Pu1 E;I
fa ut o &u
1 k1
Ple III.8

Lm0 ——3 Z
ul AulQ“l xfufl

1 ku
N-—2=3% p
A Q" xhufr

The terms entering the numerstor of Eq. III.7 each represent a method of
populating the upper level from the lower level. The first term repre-
sentg direct radiative excitation, the second direct collisional excitation
and the third any combination of radiative or collisional processes involv-
ing one or more intermediate levels in going from the lower to the upper
level. The dencmingtor, on the other hand, consists of terms indicating
transition paths from the upper to the lower level. All the terms are
normalized with respect to A21' The first term rgpresents direct radiative
de-excitation, the second direct collisional de-excitation and the third

gy indirect process going from the upper to the lower state.
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Equation III.7 is solved using a discrete ordinate method for

the frequency integral in which we assume

o

K .
£ F(x)dx =£El AF. . : ITT.9

The coefficients are to be found from a given set of dimensionless frequency

e k= 1,2...K; Fk is the value of F at x = X, - The solution

for Ak is given in Section IIX.C.

values x

We shall assume Qv to be Gauseian, i.e.

Ve
&, = exp&?é' ~ v= %%"- II1.10
(m) Av

v 1/2
o ;2KT
3 ( T ) TIT.11
where M is the Helium particle mass.
The source function is obtained at N depth points (i = 1 --- N)

within the assumed layer. The depth points are located at specified physicsl
depths which do not change during the calculation. The values of Si are

obtained from the matrix equation

M, S, =C, 171,12
P PRt I | I

where 1 and J refer to depth points.

The coefficients Mij are given by

) A)
Mij = Aij 1+e; Wij III.13
vhere 1, =1

Aij 0, J#1
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A oy . ‘. .
Wi.) are weighting functions, € is a coupling parameter.

Cj are given by

’
€ N (A)
_ i 3 1 ‘ o
CJ = Tee By TP Y13 SJ
i =1

In these equatiéns,‘BiS is a coupling parameter,

~ (A) 2 A ¢1 ¢J
Wis e Jm E Ak ngk) k+rJ

and
¢.k r,

w2 g A g Pk Ty
i s =1 ijk ¢jk+rj .

where k refers to a specific frequency, Ay are weighting functions.
1,

profile function Qik is simply
_Vk
= e

Pix

The optical depth values Tik are given by

T.
i
=
Tie é (pik+ri) ar
dr = kL dz
IR hy
X _ [9)
w32 . Mhe
TT Aﬁﬁ

III. 14

II1.15

I1T.16

The
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The weighting coefficients Wigﬁ) represent an expansion of the mean

intensity Jv(Tvi) in terms of the source function Sv(ij)

: N
J(r .} = & W (A) Sv(ij)

v vi IIT.17
J=L

Substituting the solution of the radiative transport eguation for

J we obtain
\J .

! N '
$[ B (t-r])s(t) at = z Wt slry) TTI.18
1 i P I 1
a] J=1
where the frequency subscript has been dropped. To evaluate Wigh) we assume
that S. is represented by linear segments between optical depth points n and
i

n+ 1. 5{(t) in the interval n <t 7T is given by

n+l
Tn+l -t t - Th _
8{t) = 8 (=————) *+ 8 (———) I1I.19
- n Tn+l tn n+l Tn+l Tn

Equations faW, gA) are obtained by substituting Eq. IL19 into Eq. I7.18.
The W. g ) so obtained depend only on the set of TS values chosen. Different
expressions for W ( A) are obtalned for j>1i, 3<i, and j = 1. We give

these expressions in order.
.WijA depénds only on the coefficient of Sn

T (t-1_ .)dt Tn+l (r..,- t)
Py = [P Bl = e [ mfe] e
n Tool n = Tn-1 ng o™ T

ITT.20
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For n> 1,

S L NE N
-1 i n i
2w, =] T (Bl gyl Ezl'rn"rﬂ) te -e +E3|Tn-¢il-E3|«rn_l-¢i|_
w | (Tn = "n2) )
__.'E.Il‘l_[E "r -'r|-E i'r -T\}+:E"_'J;._._'[E |'r _Tl_Eh. -1" ]
o™ Tnol 2 n-1 i' "2''n i T 41" n 20l'n 1" T2 4l 4
P I
i 1
_[Ti(Ee‘Tn’Ti‘ Bl rgle 77 e T T mglr oyl -Bsfreny ]
(Tn+l"rn)
I11.21
For n< i,
(’ri-;'r ) ' (v _,4-T.)
n-1 ntl i
2Win = '(—'—)"Tn_Tn-l [EE(Ti-Tn)-EE(Ti-Tn-l) ]+m [EE(Ti-Tn+l)-E2(Ti-Tn)]

'(Ti—rrn_l_l) _ e-(Ti"Tn)

+ e +E3(T1-Tn)-E3(Ti-Tn+l) ]/(Tn+l"'rn)
(v ) (e L)
R N TR U (R BV CR Y}
TI1.22
For 1 =.n,
(Ti n-i) ( el 1
¥ n T a1 [l-EE(Ti—Tn l)J * Tl T [l'EQ(TrHl'Ti)]
(vy=vp1) G
) [1/2 - e Ion-dty E3(Ti—‘rn_l)] ) [1/2 - e nrl 17, E3(Tn+l-'ri)]
Tn~ Tpa To#1™ Tn
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B.  Evaluation of ¢ end B

e ;

e' and BS appearing in Egs. IIT.13 and III.1% are related to the source
function parameters ¢ Tand \ as follows:

e‘BS

€B + \,
ITI.2L
€' = e+ T

where B is the Planck function. The values of €' and Bs depend upon the
levels included in the model other than the upper and lower line levels.

For two bound levels (1,2) and one contimuum level (k) €' and e'B° are given

by
;o Con Pry @ Py
e’ = ;7= -8)+7;7~-= =
el 21 ub 21
ITT.25
¢ w. P
'8 = Eﬁl (1L -B) B+« :l ‘KLQ
21 m 21
2
2hag “hv,. /KT
21 21
where o = - » B = e
¢
IIT.26
Py = Pip By /(Pki + ij)
For three bound levels and a8 continuum level
e’ = X-Y
' III.27
+.5
€ B = Y
where . '
X = = (c P_+P_+D_ - L2 ) TTT.28
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NE2 = P51 + P51 + P52 + P§2

R, = Fiz* P

1IT.29

III.30

For some applications it is convenient to solve for two line radiation

fields simultanecusly using only the four levels in Code 2.

are then represented by the 3 - 1 and 2 - 1 transitions.

X and Y values for the 3 - 1 lines are

Mo Mos
1 = Py 12
X = = (c,, +P,  +P,_+P, - )
ABl' 31 31 2 152 Mil- !
% Y1 By
Y = n - (C15 + P15 - )
31 W 1
3
whgre
Mg = By # By + Bys + By
Rl - P12 + Pl2

5 :
In the general case ¢’ and B  are obtained from Code 1 at each

The two lines

The corresponding

III.31

III.32

optical depth. Code 1 can be run for arbltrary values of J for the lines

or K'for the continuum rates.
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C. Bvaluation of Ak

The evaluation of A follows that of Avrett and Loeser (1969)

which is recommended for further details. Fk(X) is represented by

Fk=Z} f(xk)JCJ 0s x< x

where III.33

x X
g (1 - ET) (L -y ~;—), 0z x< Xj
2(x) = { J J IIT. 3

0, xj S XS X

when J = 2,3,...K.1y 1is an adjustable parameter.

Ak ig given by
K 1

a=2 B, f | ITI. 35
J=1

where fj£ ig the inverse of f(xk)j and
J=1
g. = { XK ’ III.36
J _%xj (1-%, 3=23...x -
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D. Sample Solution - Two Iines

The inputs to code 2 to begin the iterative solution are the
nj/nl. Approximate starting values are obtained from code 1. We shall
illustrate the solution by discussing the populations n2/nl, n3/n1 and
nK/nl’ whgre 1, 2 and 3 designate the lower level and two upper line
levels for which the transport equations are solved and K the continuum
level. € &and Bi are obtained as described in Section III.B. oy and
the optical depths at the geometric depth points are calculated by the
code from the given population ratios and BomAL® For the initisl run,
the upward radiative rates are those given by the optiecally thin case.
Sj values gre calculated from Eq. III.12, fﬁ is found from the SJ and
the new radigtive excitation raie based on JJ is uged to obtain new
values of nj/nl through code 1 or a simpler 3 or 4 level solution. The
new values of n /n and J are used as input to code 2 (or 3} to obtain

the other line 1ntensity.

We illustrate the solutlon for two lines in Flg.III-l for T =

2 x 10" °K and n, = 10'2 o3, The Figure shows results for ne/nl,

3/n and n./n, as a function of ghe number of iterations The inltial
values of ny/n, and n3/nl are 107 and n./n, is 102, The solutions
have essentially converged after 2-3 iterations. Solutions at the surface
of the layer are laheled ~0; solutions at the center of the layer are
labeled =C, The codes have been tested for a number of simultaneocus line
and continuum transfer problems. There have heen no convergence difficul-
tles provided the lines and continuus chosen for solution do significantly

effect each cther,



2 LINE SOLUTION - CONVERGENCE

Figure I1I-1

I TERATION

NUMRER
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Iv. CONTINUUM TRANSPORT SOLUTION
A, Bagsic Equationhg

The statistical eguilibrium equation for one bound level ( nl) and

ohe contiuum level (nk) iz

n oo

: a
L - v
Ef[ b [ =% T Av4CL] =
. Vl
"k c % RT3
"r%[uﬁ‘rv oo € (-—(;?- +Jv)dv+Clk], v.1
S

where the ¥ refers to the LTE population at a given electron tempersture and
density. It 15 convenient to express the population ratio nl/nk in terms of
the non-equilibrium parameter bl,

- * *
by = (/) / (o fm). .2
The radigtive transport eguation for v > vy .ca.n be written
a1 Bx
b _¥Y 1 . X Iv.3
d'rv v bl

vhere neglecting stimilated recombination (which is Justified for He for the

temperatures considered)

5. ~hv/iT
v 2
¢
ar, = k dz V.4
k =n
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The values of bli at depth 1 are found by solving the set of eguations

N 1 eib
z 55 b T T=a i=1,2, ....N V.5
B R B e;
where
X A g -y. 8
My =By, - ——— T Ay Wijk(' ) X T
d 1 B R g1 Yk
i 1
IV.6
1, 3=1
o= {0
! 0, J#1
and 5
K ' gk —y}kwei
Ri =% & 5= . .7
k=1 k
7, is the optical depth at the continuum threshold at depth i, 9, = hv, /KT, ,

¥y = \%/Vl’ k=1, 2, ...K, a set of dimensionless frequency values and g,
are values such that g yk-3 represents the frequency dependence of the photo-

ionization cross section. The optical depth is given by

S

1
Tig = 'g—l - Ty | IvV.8
V,
K
eia and eib are coupling parameters whose calculstion is degeribed in the next
A-l A
gection. The values of ijk‘fa ) are related to Wijk( ) as follows,
, (A)
- . -1 =1
v (A-1) _ { Y3k > d V.0
ik { A) .

wi,jk. 2 j % i'

The mean intensity of the radiation field is given by
¥
N A B
I = wi,jk( ) b—L_k . IV.10
J=1 ij
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B. Evaluation of ¢ ia. and gib
eia‘ and € ib follow from the statistical eguilibrium equation solution
for by, '
* b
(R,./ ) +¢
11) _ Tk By . | V.11
1 1 +¢
where
o3 a,-v
Rm g g
Y1
Iv.1l2
% © av“
R:Lk = Ux J.V m B\}iv -
1
For two bound levels (1,2) and a continuum level k, eia' and e ib are
P P .
b 1 12 "2k
e’ - (Gy + pori—)
* kK r 4+ P
le 21 2k
a V.13
»* * * *
S S /) By (o /n3) B
- * 1k F + P ’
le | 21 2k
For an N level model the corresponding equations are
. N N
Py E, r, @
1k Q- tflix
: N .14
8 1 1 £k
e == (Cp +—=— T P,q ).
M X gtk gg1px M
¢? and eb can easlly be obtained from program 1.



C. Bvaluati

on of A/

k

The Ak coefficients are defined such that

7k

1
where Fk ig the
instead of zerc
coefficients as

Let £ (y)j

when j = 1, and

K T
Fly)dy = 25 F Iv.15
? k=1 Ak k

value of ¥ at y = Here, 1 < Yy € g With unity

V.
k" 1
as the lower integration limit, we determine the Ak

follows.

=1, 1l=y< Yy

(1- yt%'i) (l-Y%),ls vy, .16
£ (), = { Y J
Oy Y37 < g
vhen j = 2,3,...K. Let fail be the inverse of f'(yk)j. Then
K 1
A =2 g, LT, V.17
PETRE
where
yK-lJ J=l
g, = Iv.18
’ L (y,-1)(1- %), 3 =2,3,...8
§ y‘j- -g} J_ L

Y is an adjustable parameter.
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V. CODES : .
A. Code 1 - Solution of Statistically Bteady State Population
Equations

1. Main Program

In our own internal notation, this code is designated as Pu8. The
main pfogram reads f numbers, wavelengths (lambda), electron and radiation
temperatures, the energy level model, recombination coefficients, con-
verts energy differences from wave numbers to elecfron volts, and writes
g8ll the above before entering subroutine CONSTS. The subroutine CONSTS
as well as other subroutines are described in the next section. The
radiation  temperature is that characterizing the external Blackbody
radiation field incident upon the layer. The indices on the £ numbers

refer to the ion and the upper and lower line levels respectively.

On return to the main program, more guantities are read in and
printed out; such as: +the total line center optical depth of the layer,
the dilution factor for the external radiation, the electron density,
the indeces of the chosen thick line, the depth points at which
solutions are to be obtained, a congtant divisor for the elements of
the main matrix to prevent overflow, Y values for thick lines, and
various control numbers. These quantities are entered here in order
to be able to run a series of different solutions by changing any or
all of them wit@out changing the electron or rgdiation temperatures
and, thereby, having to reecsleulate the many reaction rates.

After the sbove have been printed and the ratio of BO/BTr cal-
culated the subroutine AMAT 1s entered to cglculate the elements and
cofactors of the A matrix for the optically thin case. The rate equa-
tion matrix represented by Eq. TI-3 is printed out. The matrix is
30 x 30 corresponding to the number of energy levels. Selected cofactors
are printed out. The accuracy of the solution can be checked by compari-

son of cofactors with the same Jj values.
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The solution for the non-equilibrium populations n, is obtained
in AMAT. The solutions are printed for the optiecally thin case along
with ITE solutions for the same temperature and density. The optical
depth at the center of each line 1s calculated and printed out for a
layer of optical thickness Tl in the line gpecified in the input,

Some further guantities such as the physical thicknesg of the layer H
are calculated and the subroutine ELIM 1is entered to compute €, T and ¢ .

The program now repeats the calculation with the specified set
of Y values read in, Next, a DO locp on depth is set up. In the list-
ing given there is no depth variable, In calling for one to obtain
values of T and ( for example, it would enter into the calculation of

the quantity FF, which is used to alter the Y value for the thick line,
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2. Degcription of Sub-Programs

Subroutine AMAT({KK)

AMAT calculates elements of the A matrix using quantities determined
by CONSTS., Once all the elements are found, they are divided by a constant
to prevent overflow., Cofactors are calculated, summed, and used to determine
A. From this the n, are found. Next the n_ , are found and the ration./n_ ..

i eqi - i Teqi
Last, before returning to the main program, the optical depths are calculated

and printed for each f value.

KK 0 s optically thin solution

KK

il

I

1 , optically thick solution for any Y # 0.0.

Function COFACT (NR, NC, NE, D)

COFACT finds the cofactor of matrix D for row NR, column NC. NE is

the number of rows and ccolumns in D.

Function CALL (T, I, J, K, N}

Function C@LL calculates certain electron collisional excitation and

ionization coefficlents for special points.

‘T = electron temperature (°K)

I, J, X = indeces of coefficient
N = 1, excitation coefficient calculated
N = 2, ionization coefficient calculated

Subroutine CONSTS

Tnitially, if the radiation temperature is different from the electron
temperature, CONSTS reads in new values of Bijk calculated at T}. It then
calculates the electron collisional ionization and recombination coefficients,

the radiative ionization rate, the Bijk and B, the electron collisicnal

, ikg’
excitation coefficient, the Einstein spontaneous transition probability, and

the Finateln absorpiion transition probability multiplied by the Planck functilon.
The subgeript L refers to the lon, the second subscript the beginning level

and the last subscript the ending level of the transition.
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Subroutine FLIM (RHO, AP)

AP = Einstein spontaneous transition probability for the thick
iine (K7, K8, K9)
RHO = hV//c2, where v is calculated at (K7, K8, K9)

This computes double cofactors for use in calculating eta and iota.

It is called from the main program and uses the function ELM?.

Function EIM? (IRA, TCA, KRA, KCA, RMAT, Z)

IRA = row index of lst row to be eliminated
ICA = colum index of 1lst column to be eliminated
KRA = row index of second row to be eliminated
KCA- = column index of second column to be eliminated
RMAT = contains reduced matrix
Z = sign of cofactor (Z = + 1).

EIMZ eliminates two rows and two columns from the A matrix and places

the reduced matrix in RMAT.
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B. . Radiative Transfer Codes

Two codes have been developed under this program. The first
(code 2) represents a numerical solution of the line transport equation
given in Section III. The second (code 3) represents a numerical solu-
tion of the éontinuum transport equation., Listings of these codes appear
in Appendices B and C. The simultaneous solution of several line and/or
continuum transport egs. with the population egs. is accomplished by
iteration,. Initial values for population ratios are estimated from
various solutions obtained from code 1 (see Section II)., After obtain-
ing the radiation intensities from codes 2 and 3 the new radiative
rates are used as input te code 1 to obtain new pofulation ratios to be

used in the next iteration.

Code 2 requires the specification of certain quantities involving
c; and Bi while code 3 reguires ez_and ezf There are two methods provided
for determining these quantities. One option is to ealculste them in
code 1 and simply read them in, (Code 1 is now set up to calculate the
quhntities M and'(, which are read in and are related in a simple manner --
see Fg. ITI.24. The quantities ¢* and ¢? are easily related to the co-
factors generated.by code 1. Code 1 will generate arbitrary cofactors
depending upon input parameters.)

A more approximate method of ealculating these quantities is pro-
vided directly in the two codes. Code 2 will obtain the solution for
e‘,and B° from s & level model (3 bound levels and 1 continuum level).
éode 3 has the option of solving for & and eb frbm a 3 level model
{2 bound levels and 1 continuum level). These approximate solutions can

be very useful fo} some purposes.

A symmetrical (about the center of the layer) geometrical grid
(called Z in the program) is set up given the total geometric depth and
number off deglred devades, Currently, the maximum number of decades is

gset at 5 glving a total number of points of 3l. This calls for solution



of a 31 x 31 matrix and mey create underflow or overflow problems.
The number of decades required for convergence must be tested for each

problem.

Optical depth points at each geometric depth are next calculated

from an integration over geometric depth at a given frequency.

Steps in frequency are now calculated using the guantities

% ¥"Ys  in the bound level cases and ¥y = v/vKl in the continuum. Step

D
sizes are input quantities and are constant in x and y. The maximum x
is found by choosing the first value of x such that e Tmax < 1.0,

and the maximum y such that 7 /y3 < 1.0,

Certain quantities uniquely dependent on frequency are now calcu-
lated, such as £(y), &(y), A(y), f'(x), g'(x), and A'(x). A loop over
frequency is set up with index k to compute the Wiji) and Wigi-l} (oy
means of the subroutine WMAT) and then sums over frequency are taken within
the loop to arrive at the coefficients in the final equatlons: W.. in

13
+the bound case and Mij in the continuuam.

Once the integration over frequency is completed, the program
sets up a matrix, called EM, for solution of the simultaneous equations

to get Sj or l/b Thege are then punched in cards along with the pop-

if

ulation ratios to be used as inputs to the next step in the iteration,

The Sj or bij are used to determine new line or continuum radiastive
rategs which gre then used as input to code 1, New values for the popula-
tions and the parameters €5 Bi, e? and eg are cbtained and are used in

beginning the next step of the iteration.
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DESCRIPTION OF SUBPROGRAMS

SUBRQUTINE WMAT (KZ, TCUT)

(A-1)

WMAT caleculates Wﬁj(n) and Wij for those areas of the mgtrices

where lTi-Tj! is less than TCUT.

FUNCTION NOSONI (4, X, L, IMAX)

NOSONI is a matrix inversion routine using the method outlined on page
434 of Hildebrand, Introduction to Numerical Analysis (New York, 1956).

A is a matrix of order I, with column dimension IMAX. Tts elements are
assﬁmed to be stored columnwise in the ugual Fortran mammer. X is work-
ing storage of length L. The inverse of A will replace A, Upon return,
NOSONI = 1 if inversion went properly, = O if a divisor is zero, im which

case, A may contain garbage.

FUNCTION ESB (X, N)

This routine uses the function EXIN to cobtaln El(x), the exponential integral

of order 1 in X. It then calculates EN(X), where N = 2, 3 or 4 from the rec
- 1 -X

recurrence relation EN+1(X) =3 [e *~ ZEN(X)]

FUNCTION EXIN (Y)

FXIN obtains El(Y) from polynomisl approximstions shown in sections 5.1.53
and 5.1,56 of the Handbook of Mathematical Functions, National Bureau of
Standards, 1964.
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P w 48A HELIUM
SINGLE PRECISION
:AnxhaLE ReZERQ
DIMENSTON DAC2y b oA AT TR
gx:SNSION EV(3419419y
ingngéztzifgffggg;;xaé1o.aa.NTAu
2DBAR(3,19 'AP(3919¢19) 1BB (3119419
3 /BLus}:g'égj"8‘"‘3-19'!9307(3c19.19)pnign)'na‘nt3'1°!‘°’-
A/BLKUZE (30190 VB2 Chatartor or LanE (30190103 1BETA(3019419)
PRANMMALIA LRI L4
2;;t:2;:e:¥;“ggnggeyw.;tao:agJ:é;;igé'cts'lq"zef3'19)
142 sKT o K8, K9+ IR0 IC
T/BLKT/EPSIELE2 0 AK (4 01C0
A oy
CD”MON:Bt;T;;z;;?:;:,.::¥(3,'HI(I°°)'MJ(1003.MKCIOO).NAL H
CALL DATE(9,04) Y eNFJC100) yNFK(100) o NOF P
I7YX = 1§
Do 15 1%1,40
Do 1S Jw1e40
‘fIIJ)SO.
Do 20 1%1,3
Do 20 J=1419
DO 20 Km1e19
BETA(I,JeK)mO,
Ez{IeJeK) 2 0,0
ABAR(1,JyK) =0,
YeIedeK) = 040
ALPH(I,JoK)n0,
BA{lsJyK)mo,
0BAR(I4J9K)mO,



Uk DRAR(I.JeK)®O,

15% OMEGACTeJeK)=0,0

1h% 20 Felodaxlno,

7% READ (SedOINFeNTINALPHINOF

8% NL & NF # NT = |

39% 25 FORMAT(316,E12,8)

40% no 30 TIsioNOF

alx READ (Se29) 010 Ko (F(TeJeK))

Y MICI1) ® ]

a3x Mg(11) 3 J

a4x wK{II) = K

4%* NFI(IIY) =

yb¥ Ned(I1) = )

48% 30 CONTINYE

4o% 35 FORMAT(316415X,2E15.8)

50% 40 FORMAT(1216)

gi% 45 FORMAT(BE12.8)

52" QEAD (SedS)TPTR

53% XLAM = 5,876E»(S

§4% ANU = cL/XLAM

55% IF (TRmla0) 55,55450

Gh¥ 50 Ex = cH*ANUJf(xK*TR)

57% DEN 2 EXP(EX) » 1,40

211 By = (2.0%H¥AN¥3/C x#2) /DEN

5% Gn YO &0

60% 55 Bv = 0,90

a1¥ 60 CONTINYE i

6 2% 65 FORMAT(28H1ELECTRON YEMPERATURE (TE) Z1PE11,4,10Xs28HRADIATION 1

a3% {PERATURE (TR} =E)1.4,10X,SHBNY =EL11,4)

hd* Do 70 1913

65% Do 70 Jajey9

Ho* Dp 70 K®{y919

6 T¥ 1F (J.LE.K) GO TU 70

8% FeloKoJImF(LlrJ, k)

£O% 70 CONTINUE

70% TS FORMAT(THINELIUMY10X,4HPABAs 10X ¢BHPART ONEy 70Xeab,A3)

7o WRITE (6,475)04

728 80 FORMAT (9NQF VALUES,aax.bﬂLAﬂeonf)

73% WRlTE (6480)

74% 85 FaRMAT¢3H F(I2,1H,12, 1Ho 12,3H) ciPE$0e3sELS,0
5% DO 90 1Is1,NOF

76% 7 ® MICII)

7T J & MJEIT)

78% K & MK¢IT)

9% Xt % 1,0E+08/ABSIE(I J) » E(I,Kk))

an* WRITE (bv&S)ItdvﬁtF(IvJvK)vXL

AL¥ 90 CoNTINLE

n2% Do 95 J31+100

a1% MI(J) = ¢

AU MJ(lJ) = 0

RSX MK(J) = O

A& 95 CONTINUE

AT™ Do 100 ITaleNpLPH

AGN READ (S935)10vJyKr(ALpH(IsJdyK))BETACTIVI 1K)

aAg* MT(IIY =

Q0" MJ(11) =

Q1% MK(II) B K



92%
9%
L1 L)
oS
g6*
Q7%
98x%
99
190%
101%
192%
193%
fo4%
195
1n6%
107%
198»
19
110%
111%
142%
113
114»
119%
116%
117%
130u
119%
120%
1219
122%
123+
124
1a%*
126%

127%

128%
1300
130%
131%
1324
133
{34
135%

136%

137*
138
139+
1y0x

tals

B

1428

143%
1gax
145%
106%

1g7%

148%
L1g9%

27

100 CONTINUYE
WRITE (6965)TyTReBY
WrITE (6,109)
loSMFQRHAT(IHD.EEX {LHSTATISTICAL ¢ {SXe9HNUMBER OF ,17xy{IHENERGY VALUES
1 ABGVEI3!'3H10NvSX'SHLEVEL.11x.6HwEIGHT¢12x.a;Huu1FR SHELL ELECTRO
INSI9Xy22HEC191) IN WAVE NUMBERS)
Do 110 I=ml.3
NJ = NST(D) _
WRITE (6411501, (J4601,J)4ZB(14J2,ECTI49)4J81,n])
110 CONTINUE
115 PORMAT(IHO I IToF17 0¢F25,00F3442/(1129F17,40,F25400F3442))
120 FORMAT(1MO9»12X3H] '.2!!1H2019!01“3//“X!1HK03X03HJ TepXoqgH 119X 1N

11/)
125 voRMAr¢ISo1PZEeo.7:
130 FORMAT(6HOY & )
135 FORMATCINO s 3X e HJ 06X IHK 22X o tHI1ETX o2 Ty INS0TXo1HAP L TX o 1HS
117X HE 1 TXINY/)
140 FORMAT(1HO 10X, 3RK = aXytHBo1TX 1M, 17Xp2H10,16X,2HE1,16X92H12,16X
1.2H13.g6xo2H14/:
145 FORMAT(IMO)3IXoqHJebX  3HK He2X902H10¢16X02H16s1aX02HET s 16X )2H18,16X
12H19/)
150 FORMAT(6HOT * 2)
155 FORMAT(1MOy3Xy1HJ 48X, 3HK ﬂgEXe1H1v19!9!H2019x.1H3u19x,1Ha.191 {HSy
1)
160 FORMAT(1HO 12X, 3HK = 2o 1H6etIXe1HT 19X iHBy 10X, 1Hey19X12H10/)
165 FORMAT(ISeiP7E1847)
170 FORMAT(I5¢{RFSE(84+7)
17% FORMAT (154 1PSE2047)
180 FORMAT(IIHIALPHACTYY, K:.sz.asuaeconaxugrxnn COEFFICIENT)
WRITE (6,180)
WRITE (641207
WRITE (60125) (KeALPH(2919K) 2ALPH (341 +K)0KZ1y19)
Do 185 Ix1.3
JL ® NST(I)
Do L85 Jmi,Jh
Do 185 Kml,Ji
E2(11J,K) = AastE(IvJ) = ECIeK))
EVIIad %KY = 1, 23977ERoU¥EZ(Led,K)
185 courznue
WRITE (6s190)
190 PoRMATctoﬂqutonvx: 29X+ J6HENERGY DIFFERENCES IN FLECTRON VOLTS)
WRITE (6,130)
WRITE ¢64135)
WRITE (643657 (O CEV(ToJ9K) oK=L, T7)90m1019)
WRITE 6,140)
WRITE (64165)(Jo(EV( eJoK)oKRBy14),Jm1019)
WRITE (6,4190)
WRITE (6+130)
WRITE (6.148)
WRITE :boITOItJoCEV(1.J¢KJ|K'ISp191.J'l,;?)
WRITE (6¢150)
WRITE (6,155)
WRITE (0o 175) (20 CEV(neJ oK) ¢Xm1,5)9)81010)
WRITE (6+160)
WRITE (649175) (Je(EV(24J0K), KIG.tOJ¢J=l¢lO)
CALCULATION OF CONSTANTS
call CONSTS
195 CONTINUE



150%
151n

152%

153%
154%
155%
196%
157*
{g5dx%
159%
160%
1oix
1aan
1632
1o4*
165%
1667
167%
168%
169%
170%
171%
172%
173»
174%
178%
176%
177+
178%
17Y9%
1a0%
1atx
La2n
183%
1%
185%
1ae*

{a7T*
1alx
1R9%
190
l191%
192%
193%
194%
195
{g6x
197
198X
196%
200%
2w
2p2%
ol
2adw
. anhw
20h%
207*

200

205

210

215

220
225
230

235
240

2us

250

285

260
265

270

27%
280

285

98

READ (5+¢45)T1yweXNE

READ (5e80)KT 4KBeK9y ASToLEINTAU

READ (S+45)CTAUCD) I=1NTAU)

READ (%5+45)DIvIDE

READ ¢%5+¢40)NDY

READ (Sed0)IPROBYILAST

Do 205 Ixl,3

00 205 Jmi,19

DO 205 Kz1449

YeloJdex) & W

CONTINUE

NSWT = 0

WRITE (64210)

FORMAT(1H1oS3X,THP & 4B8A/S5uXe16HSINGLE PREC13!ON/5uXp15HVARIABLE
{*ZERD/54X 4 2THGAUSS o WERMITE QUADRATURE)

WRITEI&!BIS) T!oNvXNE;K7oKBcKQ,LElNYAUvDIVIDE.Nsz (TAUCT)s1=1 N

11Uy
FORMAT<5H011 s1PEL10,3/4H W 3E10.3/76H XNE ®E§g,3/5H K7 sl3/SH 8

13/5H Ko =I13/5K LE wlx/7H NTAU 213794 DIVIDE me10,3/7H NSWT =13/6
2TAU ®B(E10.3))

WRITE ¢64220INFyNT Ny

-FORMAT(SH NF ®12/6H NT 3I2/8M NL ®I2)

wrITE (6,225)1pRO8B

FORMAT ¢ §SM{PROBLEM N{UMBERs14)

IFr (NOY) £3092600230

WRITE (6,235)

FORMAT(9NOY VALUES/)

FORMAT(IH Y(I2,1Hs12,4He1293H) miPE9F,2)

Do 255 lJ=1.NOY

READ (Se25)T0JyKelY{yeJeK))

XNU = CL*EZ(IvJoﬁ)

EY = (H¥*XNU)/(XK®T)

EyZ = (HeXNU)/(XR®TR)

IF ((EYWGT,85,0)e0R,(EYZ,6GT485,0)) GO 10 245
By = g.othXNul(XNU/CL*#E)#XNU/(EXPtH*KNU/(xK!T 1y » 1.0)
BYR = 24 0¥HEXNYS (XNY/CL*#2)¥XNy/ (EXP (F*XNU/(xK*¥TR)) = 140)
BOBTR =z BO/BTR

6o TD 25¢

CoNTINQE

EXY ® XNUK(H/XK)*({40/TR » 1,0/T)

R0BTR = EXP(EXY)

CoNTINYE

Y(IvJdek) ®= Y(I,JetK)*¥p0BTR

YCIvKeJ) B Y14 J0K)

WRITE (6,24011, JaK,Y(IoJ.KJ

CONTINUE

60 T0 275

WRITE (6,265)

FORMAT (1 7HOALL Y(I4J,K) 5 W)

WRITE (6.270)

FORMAT (254 ALL ABAR MULTIPLIED BY W/3TH ALL ppCl,J,K) MULTIPLIED
(Y YCIeJdeK3/30W BOXoJ,K) IN BB TABLE 18 AT TR)
WRITE (6,280)XNEeW

roRMAT(SHlnz RIPELL 400 10Xy SHN =0PF7.2)

WRITE (6,285)K74KB,4Ko

FORMAT ¢ {1 HOIXZHKT s GX2HKB 9 GXIHKG/316)

Cabl AMAT(0)

HEM & 4269Em2y



2nh¥
209%
210%
21 1%
212%
213
21 4%
215x%
216%
217
218%¥
219%
220%
221%
2o2%
223%x%x
224%
225%
22h%
2p7*
epax
229%
230%
231 %
232K
233x
234%
235%
236%
YT ¥
238x%
239%
2u0x*
241x
cyer
243%
U4
245%
2ub%
2ulx
248xr
U
250%
251
28aA¥
253%
254¥
255%
b6
as7¥
o5A%
289%
260%
261%

YIARNOST YIS

TInN TIME

290

295

305

310

315

320

325
330

99

50 £ 2,0%XK*T/HEM
XNUM = SERT(S50)
Dv = XNUMBANU/CL
AgU = T.,n6E+07
STIG £ 3,74Ew12/38RT (1)
I? = MA(KTY)
Dy = T1/(ZAN(I7)*S]6)
DT = ZAN(9)»AQas (HuANY) DV
DY & (PI*OX)/ €4, 0%PIx8RRT(PI))
RITE (612903Q1|DV§DX
FORMAT(IHOI/OELT miPF1144¢10XeaHDY =Ellale10y,aHDX xE{1e4)
K = 0
WRITE (©4295)1R01CD
FORMAT (L 4HOELIMINATE ROW,13,5X,6HCOLUMN,13)
XNUSCL¥EZ(KTvKBsKD)
RHO 2 (XNU/ZCLY#%2%2, auRExNU$G(KTK9) /G (KT K8,
EPSEOMEGA(KT +KB4K9) /AP (KT ¢K8yK9) SXNE
EyzE(KT+kB)
EPZE(KTeK9)
Catl ELIMCRHO¢AP(KTexBsKI))
Np 325 Ly=s1'NTAU
Ey & (H*XNU)/{XK*T)
EvZ B (HRXNU)/(XKETR)Y
1F ((EYWGT,B85,0)e0R,(EYZ,GT485,0)) GO TO 305
BNEB2, *H*XNU*(KNU/CL**EJ*XNU/(EXP(N*XNU/(XK#T))-l )
BTRFE-*H#XNU*(!NU/CL##Z)*XNU/(EXPCH#XNUIIXK*TR))-i ¢)
AaBTR = RO/BTR
Gn TO 310
CoNTINUE
ExY = YNUR{H/XK)*(140/TR = 1,0/T)
BoBTR w EXP(EXY)
CONTINYE
FF » BnBYR
Y(KTIKBIKD) B FF
Y{KTsK9sk8B) = FF
BRCEBR(KTeKBIKQ) *FF
ARDZEB (KT ¢KIeKB) *FF
WeRITE (6.315]TAU‘LYJ KToKBoKOopBRCIKT oK' KByBaneKTeuBrKIeKT K99 KBy

1F

PORMAT (6H1TAU m1PE13 6o dXySHBBaY (12,1He1201H,12,3H) =E13,6,4X,5HE

1Ry (I2eiHeI20 My I203Hy EELD 60 dXe2HY (I HIT2, 1 HyT2,4H) s (I201Hel2
21HMe1243H) =E13,6)

WRITE (&y320)
FORMAT (89X +13Hy IS CaNSTANT)
calt AMAT(1)

px = T1/(2aAN(17)7¥316)

DI = ZAN(9)¥A9 % {HxAN) /DY
DT = (nIthJ/ta.O*PItSGRT(PIJ)
WRITE (64290)D140v4Dy

Call ELIM(RHO»APCK7ox89K9))
CONTINUE

CoNTINYE

GODYU (10+195¢200) s I AST

EN

4,79 CPU SECONUS



1%
2%
1%
(1} 3
5%
a%
7%
ax
‘9*
10%
1%

12%.

1+ 3x
14¥
15%
16%
17%
18%
19%
20x%
21%
22%
23
2U*
25%
6%
FEA
0%
29%
0%
1%
2%
13k
T14¥
5%
11
17¥
8%
39%
Q0*
1%
uex¥
3%

10

15
29

25

30
35

49

45

100

sypmourive e
NSTON CAF
CoMMON/B (40040)
3 LK2/UMEGA «RI(40) 4R
IDRAR(3, 19 (3s19 (40 oXN(S
19) 119) 4 AP( *19)
3 /BLK 'ABAR(3 3419419
u/BLuuSIXE’PI'H'Chv n'”'”:‘ﬂtsol‘?:l J9BB(3s1a119
Q/ELKS:E(s.lq)'EZ(3xI'XM'RCH'PAZ 19) s ALPH(T, 19 18?859(3919.1q)
TeTRyNOD 119¢19)4F (3 ' ' 'RETAC ,
5/RLK6/LE o XNE W 119419),6 3019419
7/5LK7:§§;fé;fg.K?.&s:ﬁéfg;g?§égzilog' (3419),76(%y¢9)
A
:;:tzggizstﬁga'sLEEE:;;TI'slaET“'SICoSIAP S 1K
coM eNFeNTMA 'O K7
wgzﬂgN’BL“‘s’Nritxas""37‘3"”Itzo )
TS 1yh NG °"”FJtioonvNﬁhgl'MJ(1°°’.Mktto )
oo 1 TCITHIENTER AMA 00} s NOF 0) +NALPH
NoH 15 I=NFeN{ Ty KK 212)
oL s NSTC(I¢1)
it NST(1Im))
S S S
NEND :SLS$0.15'15
Do 110 M
F (I=NF) 35 )
::J E Mh(I - ;?5,&5
K = MACI) =
J e 0
Do 30 MENJeNK
B
’N) = *
CoNTINYE XNE*OBAR(1my,yJ
0 95 NENS '
3200 TARToNEND
B Y (TydeK)
§$(§:!EQ|0] Y = W
A(MQN;Ni 20'50105
6n TO 95 NE¥OMEGACT vk
A(MaN) = XNE¥ 3} o+ YYRBBUIeJeK) + A
Gn TO 95 OMEGA(I,JeK) + BB(1¢d - Peivdno
e JeKYIRYY



101

uu" 50 SOl = pet

ys* Sal. ® De0

H6* S0M = ned

urT* SAB = 040

;8% SRY = a0

49 SHB = 0.0

S0% SAP = 0,0

GiN SBE = 00

52% IF (IeNL) 55465465

53% 55 pn 60 L =LeNSH

sU* 8pB = SDB + OBAR(I4J,L)
55% 8A6 E SAB + ABAR(Z1,J,L)
56H% 60 CONTINUE

57% 65 1F (lenF) 800804970

8% 70 Do 75 Leg,NSL

59 Spk = SBE + BETA(IsJ,LL)
PRL, spB x gDB + DUBAR(INJ,LL)
L1 ¥ Sal ® SAL + ALPHIILJ (L)
a2¥ 75 CONTINUJE

A3% B0 Dp 90 L=1sNS

hiw IF (L.EG,J) GO TU 8%

65 SOM 2 S0M + OMEGA(TyJsL)
hE* YY = Yeledoel)

6T* IF(KK EG,0) YY = W

Y.L SpY = SBY + BB(IrJelynyy
“9% B8s 1F (L,GE,JY G0 70O 9p

70% 5P 2 SAP + AP(1vJely

v L) 90 CnaNTINDE

72% A{MINY SwXNEF(QQB4SA ¢50M) wW*SARmSRYmXNEXRXSpp=XNES (XNE*SDR) »SAP
73% 95 CoNTINUE

74% IF ¢(I=NL) 100,1104880

79% 100 Ny = Ma(1+l)

Tht NK 2 NI & NST(I4]) » §
77 J =0

TA* Do 105 N=NJeNK

79% Jx J o+t

BO* AtMeN) & XNE*LALPHETotoJ oK) + W¥BETACI+10JoK) + XNESDRAR(I41e oK)
ALk 105 CoONTINUE

B2% 110 CoNTINDE

a3% 115 CcaNTINYE

RU* WRITE (64120)DIVIDE

AR5% 120 FORMAT18M0 DIVIDE MATRIX BY1PF12.4)
pe* IF (KK, NELO) Gp TO 130
AT* I{ = MACLNF)

BBx T2 = MA(NLY ¥ NST(NLy = o
B9* IR0EMA(KT)I+K8nT

QOx 100 = MA(KY) = 11 + 4

91% NAQ=I2wIq*})

92% WRITE (64125)LEel14I2,IR00IC0O/NOD
Q3% 125 FORMAT{IHO,3X,2HLE jdy ,2HT1,4%,2H12,3X3HIRG 5%, 3410, 3%, 3HNDOO/BTA
94x% 130 1F (I1,EQel) 60 TO 140
o5% Do 135 I=t.NOO

oh% Do 135 J=14N0O

N A ILEIlwtd]

oa* IMEIlwted

69% AcleJd)cACILYIMY

ipox 135 A¢lLeIMI=O,

101% 140 Do 145 IziWNOO



102

102* Dp 145 J=1aNOO

{g3¥ 145 AclyJ) ® A(I+J)/PIVIDE

1od* WRITE (64150)

105% 150mPnRMAT(65ﬂDQ(I} R SUu OF Ap) ELEMENTS IN CopyuN 1 OF RATE EQUATI
1p6% YON MATRIX/)

107* Do 165 IsisNCO

108x DT=0e

109 Do 155 Jel .NOO

t10% 155 OT®QT+alJI])

11 1% WRITE (6¢160)1,07

112% 160 FORMAT (3H Q(I2,3H) = PE15,6)

113% 165 CONTINUE

114» IF (KKY) 17003704475

115% 170 WRITE ¢6,300)

116% Go TO 180

117% 175 wRlITE (6,3505)

118% 180 DO 185 Iz ,NOD

119% 185 WRITE (64190)1,(A(Ts3)sJ=tyNOQ)

1p0* 190 FORMAT(IHO I3, 2Xv1PIE14aU/ (6X»9ELA4))
121% WRITE (6,320)

1p2x Do 200 LC=1+NOO

123% Do 200 LR3ieNOD

1 5% CAP(LRLCI=COFACT (LR,LCINOOIA)

1p6% WRITE (64195)LRe¢LCyCAP(LR(C)

127% 195 FORMAT(22H CUFACTOR nF ELEMENT Ae21402Xe1Ha1pp15, &)
128% 200 CaNTINUE

129% PPE0,

130% bp 205 I=1.NOO

{x* 205 PpRPP+LAP(§sl)

132% A|AMBE 4, /PP

{33n AgUMz0,

134 CFix2, /XNE*(SQRT(2,xp T (XM/H)¥TI*IQRT(XK/H} ) w3
1%5% JF = 0

136 DO 215 JaNFeNL

137% JLo= NST(I)

118% Dn 210 I=leJt

139% JF = JF + |

1y0* PPO & (E(Jol) » BLLE, 1)) XHRCL/(XK¥T)
141 % P2 = 0,5%PPO

1y2% EX = ExXP(=pP2)

1y3% RICJFY = CFI¥x(Jel E)uG(Je1)/G( L Ey1)%EX
144% RYI{JF) = RICJFY*EX

1y5* ASUM = ASUM + RI(JF)

146% 210 CONTINUE

147 215 CoNTINYE

1yg* Do 220 Is1.NOQ

149% ZANII) = ALAMBRCAP(L, 1)

150% 220 CONTINYE -

i1six WRITE (6+225)AL AMBAgUM

152% 225 FoRMAT(10HOLAMBODAL eypEL1S,695X,9HLAMBOAE 3,E(5,4)
153% IF (KK) 23092304235

154% 230 WRITE (64+310)

155% Gp TO 240

isex 235 WRITE (6,315)

157w 240 Dp 250 Ixm1ioNOD

1GAx% LxSI1eTwy

159% XNEQCIY = RICIY/ASUM



an*
H1%
1he¥
153%
1aidx
145%
1ph¥
1aT*
148%
{19
170%
171%
172%
173%
174%
175%
176%
177%
178%
179%
1RO*
1AL%
{R2¥
183%
1AUX
{ASK
16%
1AT%
1RE*
tage
190x
191¥
192%
193%
toux
195%
196%
197
{oBx%
{99%

LAgNDSTICS

TInN TImp

245
250

255

260
265
2790

275
280

285

290
295

300
305

310

315
320

103

RJCI) = ZAN{LI}/XNEQLT)

WRITE (6,245 Lo ZANCTY s RICID o XNEQ(T)

FORMATEIZ 02X 0 3HN S¢ tPE1SeTe2X e THN/NED S9E15,7,2X95HNEQ T 4E15,7)
CaNTINUE

GO TO (2554260) 417

ST623 =2 3,74Em12/8SQRT(T)

XN20 = ZAN(1)*xNE/10,0

GO TO 265

S1623 = 2,84k=12/8QRT(T)

XN2O = ZAN(20)xXNE/1g,0

HH % T9/(XN20x51623)

WRITE (64270)HH

FORMAT c4HOH BipEly,.d)

Iy= 90

Do 280 IsNFaNL

Ji. @ NgT(1)

Co 275 J=y,JL

105 1J +

XnN{Tedy = ZANCIJ)

CONTINQYE

CoNTINYE

WRITE (6,289)

FORMAT (g1 I, Jy Ky,SX gHF,1¢X,2H0D)

Do 295 LeleNOF

I = NFI(L)

J 3 NFEJ(L)

K 8 NF(L)

00 = (XNCIoK)/XNCKToKOIIR(FC(LaKsJ)/F(KTIKFyKay)o(E7 (K7 9K9oKB)/
tEZ(I K, J))TY

WRITE (64290)I4K0JeF(TeKeJ) 0D

FORMAT (2H (J2ofHoT2¢0tHeI2¢tH) o {PELG39EL5.7)

CONTINNE

RETURN

FORMAT(1HE 42X e 1HI ¢S0x,20HRATE EQUATIQON MATRIY)

FORMAT (1HE4@X et HI s 35y s52HRATE EQUATION MATRIy INCLYDING THICK RADRI
{ATION FIELD) '
FORMAT(20H)I0OPTICALLY THIN SOLUTION/)

FORMAT (44H1SOLUTION YNCORPORATING THICK RADAYION FrElp/)
FORMATY (1H1)

END

3.87 CPU SECONDS



1oL

1% BLOCK DATA :
2% COMMON/BLKI/XEPLoHopL s XKeXMeRLHePAZ
3% U/BLKU/E(3019)9EZ(3419419)eF(3e19¢19)46(3419),2B(3419)
4¥ 9/ALKLIS/NLoNFeNT  MACSY (NST(3),M1(100),MJ(100) ,MK(10g) 4NALPH
5% DATA MAZ1920930/¢NET/19010,1/
bx _PaATA (O tLed)admlot Dy elst93)/ 800300809900 3003,01,9000150454934¢300
T* 1140900154951 27e9 720340
8x 22,2006 092a00,410,42, 90001 00rldes?%0,¢
9% 11,0 18%p,/
10% DATA C(ECTod)odmlo19y,Im193)/0,0159850e32¢0164271,70¢169081,.50,
11%* 1171129,1501832314084184859,064185959,099186095.909186099,22+
2% 1186203,6291902920469¢90934,50019121144291918384839191040,T4+
13 1191446,61019340T024,191486,95,
{a* 2198305,0005274R4457 482 TUBT ,024588445,76,58B446049,588447,64,
15% 3609781.98060?782-28.609782.770609782.95¢9¥0,n,
6% 3637213,67418%0,0/ |
{7 DATA C((ZB(19J) J%4,19),121,2)/19%2,,10%1499%,,/
18% DATA XEsPLoHICLIXKsXMyRCHIPAZ/UeBO3ER)09301d1606,62565227
19% 1 249979E1001,3805Em1649,1091E28¢2,17%~11438,797Eul7/ ‘
20% END
GNOSTIeS
ON TIME = +52 CPU SECONLS
1% FUNCYION COFACT(NRaNC o NE,D)
2¥ DIMENSTION DC40e40)eE(qgord0)
3k MN 2 4dn
4% NpENEw
9% Do 10 I=1enNP
b¥* IR=1
7% IF(IsGEeNR) IRxI*+|
B Do 10 JsjeNP
9% IcsJ
10% IF(JeGEONC) iCadt]
11% 10 E¢lod)aD(IReICY
12% Y 3 1,0
13% M = NDETRM(MNoNPIE.Y)
4% IF (M=2) 30415,20
5% 15 WRITE (6935)INRyNCeY
16X Go YO 25
17% 20 WRITE (6,40)NR,NC
18% 25 ¥ = 0.0
19% 30 LT = NR + NC
20% MzeMOD(LTe2)
21* 2l
22% IF{MZJNE,Q) Lmmlo
23% COFACTRINY
2U¥ RETURN
25% 35 FORMAT(23HOo®%xeeX OvER/UNDERFLOWs 10X e 4HNR Zy3,10X,4HNC =13.1‘:);+
26% tY S1PE1L,4) '
ST* 40 FORMAT(24HOX%5e5%  gINGULAR MATRIXe{0Xed4HNR 13410y s4HNC =13)

28¥ END



{*
2%
Ix
ux
-t
%
7%
8%
9%
10%
11%
1 2%
1 3%
{us
15%
16%
7%
18%
19%
208
21%
22%
25
24s
25%
264%
2T
28
Pox
30¥
Iix
2%
313
Y%
15%
36%
7%
8%
19%
4o
uy¥
y2x

TagNosTIcS

TION TIMF

to

15

105

FiN
DgﬁgL;?guchth'l'dvk.N)
LABN(2) 4 ABL (2) 1194493 94 (301901
COMMON #BLK3/X 119) 9 AN(3¢19419)
gO"Mo“’RLK“/EEifi;H'CL'XK'*”vPcﬂ Paz AL (3¢1Fe19) 4 AR{2)
15:5255‘51"’L"L'Z:;gfgf'éq'19";f3v19.1¢)
?‘.186.17’1.03E.17'3‘?0EQ. 2Em10s6468E"11 I'Gf3’193023(3019
DATA(i(;féftgnta;a.ésg.1%:?';;E'zs.b-aaé-fgag';oée.015.151
16,03E»09,5,348 ’ '3c1¢111,1og; «2(y3e01EnL5,1, 6Ew1514)4E=
, 069 +1e36E 159
53299 m1041,2 En09,8436E"09 19447En0944 -18,4.88
1Ew09 +»772Em0 14,54Ew08 Ex16/
DATA (A M w0948, 44Ew0d Telde0bEn 14+ 34Em09
oaTs cnﬁ%I?;?:;&:g’S»za?aséfaﬁff'ége‘;“BE-35:§:$§E'33'"°°é'°°v
10.52001e720¢10 2v19)70 . w07/ : 0B/
3h 2700449
;g‘;:ut‘N(IUEQL):t;gulé'bl!0!590:0.g;g'g7br1!39!1.qi'1 68
108 1e0ulbdsapalSes 3 /9041964 0438640 032,0,555, 1,27, 10,489
20040663120,02 v0e41300423 +0¢154,0,390,0, 01039/
DATA (AN( ‘Y 010041000444y »39040,348+0,287
DATA “Lti:?:t;'t'“'s”'~0617.0 ” 1u0e051400,4239 '
10,99 =2 » 389/
B‘T‘T”0001.01.0.99;191/00999.1.0.1'01 1
114 (ALt"z’L)oLls,';.gi'1'02'0'976¢1:050'1'01'0‘995!1-01
D;TA.:EES'l'lz’iiﬂeui 1313“1"'3°!l.aac1.;;'°"1-01 114024
DATA 21¢2)/6,99E= *
DATA E:SN‘L"Ltlvz),i ai :5'1'035?141

(e
gg :n‘f%gojSI:s P 1 1EDAXEZ (Lo JyK)
AT dyK) %
:1 = Tt*ANtitJvﬁgcx.J'K’/xKT
ch: Ex:(-EX) _
-
;ETURN tIsJeK)xAt %A
F = ARS(E(I¢
: oK
Ex L3sorriegaser )
€ ARLCIYPEG/XNKT
‘1 T*3ABN(]Y
1.7 AL
- :
RETURN BUII¥ALwA2
EnD

290 CPU SECONDS



1%
-4 ]
Ix
gr
S»
Y ]
1%
ar
9%
1 0%
11%
12¥%
13%
14*
15%
{6%
1 T*
18x%
19#
20»
21%
22*
23%
2ux
25%
2b¥
27
28
29%
10¥
L3 R
2%
33%
T4
15%
6%
17¥
AN
19%
40%
ui¥
yer
g3

[ ' |

106

SUBROUTINE CUNSTS
HDBAR(S.IOoléﬁ::;;é?;':if?;;?;}g);38{2;19'19’.OBARISvIO'IQ),
- : ’ +19419) s ALPH
U;Bt:g;ECSoquoEZClc19o19)oF(Sot?y19);623,19;3’é9’193'HETA(s'lq'lq)
S/BLKS/TATRINOOLKNE 11 ALU04A0) oDIYEDE 1ZP(3919)
0aTA Bf,:;gfag?ég*tSa-Nsvrz)cnxttoo;.nJ(iOO).nkcloQ),NngH
Lo DATA BedXsDsDPIER, 4DP1DDR/ 200625019321 200257 1004017414150 0025/
11/) ' V19X P 1M/ /70X LHKAX s 3HS 392X o 1 HL 9 19X P LK
15 gogM:TtISGlPEEEO.T)
ORMAT (1m0 32X ,3H]
117) P3HI 8, 2X0 HL e 19X s IH2//8K e LHIepx e 3HK Bo2X 0 1HT 219X 0 1k
FORMAT (1HO s 3X e tHJ 06X, -
ssiéygﬁi”b-:vxcxuvfi' 1 3HK Ee2Xo tHIPITXOEH20 1700 LHS 11 TX o 1HAPLTX oINS
_FORMAT (1HO 410X ,3HK =, 2X '
uo'FE:&i{lex.anla;:' 2K 1HB Y LTX o 1HP o 17X 9 2H10, 16X y2H11,16Xs2H12016X
Fn (1HO+3X v {HI 96X, SH ~ : ¥
12“19/) 1 i uS K IQZX!EHIEM16102"“&015!.2}417,‘6]'2”18'16x'
25 ﬁngﬂ:rchOI 2 )
0 FORMAT (1HO 93X o gHJ#BX 4 XHK
55’;39 ) (HI o BX XHK 32X e gHL P 1OXPIH2719% 3 1HZ 0 IN o MU IX s 1 HSY
ORMAT (1HO 4 12X, 3HK m,2X |
0y L2, BNy o2y IHE1OX T 11 9Xs ERA 10X 0 1RO 19X e2H10/)
65 FORMAT (I15¢1PSE1847)
TO FORMATCISYIPSER0,7)
TE® T
TRIE & TR/TE
FFL = (SQRT(2,%PI*(Xu/H)*TE)*
BT (XN HITEIESART LXK /NI RES
HEKTZH#CL / (XRXTE)
HCKTR = MCKT/TRTE
T4B = ABSCTRTE = 1,0)
T1ZTBRRT(TE)
FEFe1,/FF1

At RERRRERAEBRLE  QRYGINA
?0 130 1JEy o NALPH IGINALLY SUOBA ¥ 83dikypaaxky Xt xsaedaninsksd
F (TAB LT ,10F=0%) g0 TO 80
READ (5¢75)19KyJeTTR,ALBE
75 FORMAT(316,3£15,8)
RETA(I.KyJ) 2= BE



.
5%
a6*
LT
48k
ug*
50¥
5%
52%
S3¥
s4x%
55%
s4%
5%
sax%
R9¥*
4O0¥
61¥
Y4
A%
ayx
A%
hbo¥
7%
L8%
&%
T0%
TLX
72%
T3%
T4¥
75%
TH*
77T
78%
T
80%
ALR
R2®
AN
RU¥
asx
86*
RT¥*
a8x
ROx
0%
9ix
92%
93
Gan
95%
Q4%
Q7%
QA%
Q¥
tooe
1ol

107

g TO a%
80 T 2 MI(IY)
K B MJcId)
J = MK(¢IJ)
TrR = TR
AL = ALPH(I Ky D)
BE = BETA(I K, D)
85 ' = I w
EFsABS(ECI+1ek)mE(TyJ))
X & 1
E?2BEFXCL¥N/ 14602 Emy 2
XZEEF*HCKT
FF3 s al + BE
ARG = pF3HCKTR
IF (ARG.GE, 88.0) Gog 1o 90
Y> = EXP(=ARG)
Gn TO 98
90 v2 = 0'0
95 ABAR(I, Je K) 2 205G (1419KI/G(1,JYI*Y24FF24FF3
1F (X2 Bt 88,) 60 TO 100
YISEXP (-XZ)
Go TO 108
100 Yi=Q,
105 F1 8 (341 » 142/X » _9/7X%¥2)
IF C(J.EQe1)sANDs (KopQal)) GO 7O 110
OBAR(TI JoK)=1,156anBap *ZB(ToJ)aT ¥y /EZ2%%2
Go T0 118
110 ORAR(T JoK) ® COLL(T, 10 JeKy2)
115 CoNTINUYE
IF (XZ,GE.88+) GU TD 120
DBAR£I+1cKoJJ:GtIvJJfG(I+1pK)/Zg*tXP(XZ)*FFFtGBAR(I'J ¥)
to 10 12%
120 DBAR(I+1+KeJizmp,0
125 CoNTINUE
130 CONTINUE
WRITE (6¢135)
135 FORMAT(12HIBETACLIoTJak) e 27X 42HSTIMULATED RECOMBINAYION COEFFICIENTY

F I W W A e e e Eaelal el ol el ake kel aka e el el aallal ok o e e B i N

1 AT TR) (
WRITE (6y140) ¢

140 FORMAT(1HO418Xo3H] B, aXyfHR2e19%e1H3/ /74X s LHKeBX 1 3HY Z9aXe1Hy s 19X 1 H(
"N (
WRITE (6414S)(KeBETA(2014K)9BETA(S91 oK) 9KELy (9} (

145 FORMAT(IS{P2E20aT) {
WRITE (69¢150) {
150 FoRMAT(laHioﬁAntlaaoK)vETX.HSHELECTRON COLLISTONAL IONIZATION COgF(
(FICIENT) (
WRITE (6:20) {
WRITE (6415)CJo0BARC19dr1)90BAR(20J01)0da1010q) (
WRITE (6,155) ¢

155 FoRHATtlZHIDBARCItJ!KIoETK-ﬂbHELEGTRUN COLLISTONAL RECOMBINATION Cf
{OEFFICTENT) (

WRITE (6410)
WRITE (6415) (K DBAR(D¢19K)¢DBAR(3v14KIsKR1y19)

WRITE (6¢160)JTTR

180 FORMAT(I2HIABARCIoJox) s 28X o3IMRADIATIVE IONIZATION RATE AT TR 2y PE(]
111e4)
WRITE (8420)

— e e



1p2%
103%
1o4x
fnS*
1nbx
10T
10B*
1n9x
110%
141%
142%
113%
114%
115%
116%
117»
118%
119
f20%
121%
122%
123
124%
125%
126%
127%
128%
129%
130%
131%
132»
133%
134»
135%
136
137
1383
139%
1go*
1a1*
12w
143%
lydx
145%
Ly6n
LyT*
148x%
149%
Ig0*
151»
152%
153
154%
{55%
156
15s7%
158
159%

165

170
175

180
185

190

195

200

108

WRITE (6915)CI,ABARC)»J01)ABAR(20J01)9Jn1y10y Eﬁ

Mpkknxxkxrnkdny ORIGINALLY COMBE s eX¥bfbasypdxy Sk bty saxs
Xke & XKkSGRT(xK)?

T2 = TSQORT(T)
C368232,%P1/8GRT(3,I#PAZ/BART (2, #PLaXM) ¥RCHRAS /XKD
CIY24 %RCHEPAZ /(SQRT (XM¥TEIXSQRT (2 *PI*XK))

WRITE ¢6,165)
FORMAT(!HI.BX.tHI,HK,1HJ.0X.1HK,1SX,BHB(I,J,K),13x,BHB(I,K,J);)
PO 280 Imi,yd

JL ® NST(I)

Do 280 Jei,Ji

Do 280 KelaJl

Ev = 1,23977E0d*EZ(1,J0K)

ENZ = EV/1340

XZSEZ(TrJoKI¥HCKT

Ext 2 EXp(wX2)

EXZ = EX1%%2

Exi0 s Exl*slp

Exl7 = Ex1s#17 :
Ex30 = Exisx3p

Ex100 = EX10%%40

IF (XZ,GE+B840) G0 Tp 170

Y{=EXP (wX2)

Go TO 1758

Y1i80+0

IF (JeGE.K) 90 T Zao

1F (I,67,1) GO YO 21s

1F (J4EQ, 1) Bp TO 245

If (J.EG.E) 6o TO 2“5

IP ((J.EQe3)oANDe(KagQed)) GO T0 245

IF ((J,EQe3)oANDa (K FEQeS)) 6O 10 245

IF (FUYsKrJ)oLEe140EnT) GO TO 199

— e ke e mkn e me e e e mm mm e s ek . A . AL SR M e AR AR e e e e MR i

s XX NE® QRIGINALLY SU3S Fexd b x b s ssasy gk xd 4 kR gkt xR REE S
Y2=Y1/x1

ZI‘Q/XZ

IF (EPxXZ+GEa83,0) Go TO 1890

YXZEXP (wXZ%EP) /XL

&Gn T0 85

Y320,0

Fi 3 0, 14%EX]

Fa = m0e083¢EX?

F3 = o0e053I%EXYT _

OMEGA(TeJeK) = CIBRF(ToJgKIN(FY & F2 ¢ F3)/({y2%x7%%2)
Go 10 250

— v e WM mm. uee . R wem amm rem

ARERREL BRI aihnky ORIGINALLY SUIT #¥3ubgqdnnBy b kg dgha ke noss
CxC39/5(1vd)

YQERCH/ {XK*TE)

XZ12XZ4¥Y0

IF (XZ1.GE.88,) GO Tn 195
FIREXP(wx21)
FemF3% ¢y, 4Y0)

Ga TO 200

Fim0e0

Fysd,0

IF {(X2,GE«B884) GO TO 205



X

162%
163%
taus
165%
1a6¥
167%
168%
169%*
170%
171%
172%
173
174w
175%
176%
177%
178%
179%
180%
1alx
. -2
1A3x
184%
tgS¥
1p6%
1T
1RA%
19%
190¥%
19i*
192%
a3
-T'L
195%
toh®
i97%
198 %
1g9%
200%
anik
202k
203
2odx
205%
,303*
2nT*
208%
209%
240%
)2y t*
212%¥
213%
gyix
215%
216X
217

205
210

245

220
22%

23¢
235

249

245
250

255
260

265

eTo

275

280 C
285

109

FaekXP(eX2)

Go TO 210

Fa=0.,0
OMEGA(IoJ-K}=Ct((FE-F1J/YO+F33
OMEGACTeJeK) = OMEGA¢Y¢JoK)/ENZ
Go TC 250

IF (F(I4KesJ)eLEslsEmy) GO TO 240

r.

MESERRRER®x  ORIGINALLY SUSE Xe b S s spdXxbhhy ¥ xubp ke x ke kgt NN &¥
Yo®Y1/x2

IF (2,%XZ+GEsB8¢0) Go TO 220

v3SEXP(e24%X2) /X2

Go TO 225

Y3200 ,

Ir (u8,¥xZ,6E,884:) Gp 7O 230

YBEXP(myB ,¥XZ) /X2

Gp TO 235

YUED e D

Fi = 0,2%EX}

F2 & (0, OHSIXZ)*EIE

F3 = m(0,024/X2)%Ex1p

Fg = »(0.016/XZ)%EX3g

Fs = «(1.33 + 0,005/x2)*%EX100

OMEGA(IoJeK) =& CIBeF (ToJoKy®(Fy « F2 ¢ F3 & Fa + F5)/(72%X7)
Gn TO 259 _

aeukan¥rrk  ORIGINAILY SUST Sk ks X arakafyy ko g Kkpk RN R ¥ kK
OMEGACT s J9KIZC39¥%Y /6(T,J)
OMEGACToJoK) B QOMEGA (Y JeK)/ZENZ
Go 10 250
OMEGA(TeIeK) 8 COLLCTeInJeKe})
Ir (XZ,GE«8B8¢) GO TQ 255
OMEGA{ T ¢KaJ)3G(TeJ) /(I MIREXP¢XZ)SOMEGA(I,4J, k)
Go T0 269p
OMEGA(T oK J)20,0
IF (F(IeKeJ)o LE-I Ew7y GO 7O 280
XNUSCLAEZ(I1Ky])
CAPEB 2P IXA2¥ (YESRD/yMIF{XNY/CLEX2) % (XNU/CL)
Ap{1,K,J)8G(1,J)/G(I KINCAPSF(T,KyJ)
BVIJK z ﬂ-O*PI**a*XE#SE‘F(IvKOJ)/C(XH*CL)*(HthU))
ByIKJ = GCIod)/G(I,KyuByIJK
WRITE (6926%)1, JvKoszquBVIKJ
FORMAT 315, 1Ezzzo.a)
ARG = MRXNUZ(XkxTR)
ARG = 0 45%ARG
I1F (ARGwB8,0) 27592704270
BalledoK) & 040
BB(IsKeJ) ® 0,0
Go 10 280
PART = EXP(ARG)
PLFT = (z.o*H*XNUJt(xnU/cL)**a/tP*Rr " 1.0
aacI.J,K) = (PLFTxBVIJK) /(PART + 1,0)
BR(IsK,J) = (PLFT*BYIKJII/Z(PART + 1,0)
CoNTINYE
WRITE (69285}
FORMAT(LSHLIOMEGA (T s g, i) 126X e43HE ECTRON COLLTSIONA; EXCITATION CQE
{FFICIENT)
WRITE (6425)

e N W e W W W MW el il elelalelalulalale e el ol ol o W I o ol N B B B B B B I e




110

21 8% WRITE (6+30)
219% WRITE (6960)(Jy(OMEGACI s JoK)I9Kz197)9J%1019)
220% WRITE (¢6,35)
221% WRITE (64601 CJy(UMEGA(LsJoK) pKa841d4)4Jd=1y19)
222% WRITE (6,285)
223% WelTE (6,25)
224* WRITE (6,4Q)
225 WRITE (6465)(Jy(OMEGACI s JoeK)oK215919)¢J=1919)
2o6% wRiITE (6,48)
227% WRITE ¢6,50)
228% WRITE ¢6470) () (OMEGAC2eJvK) ¢Kr195)9J51010)
259% WRITE (6,59)
2304 WRITE ¢6,T0)(Jy(UMEGA(2eJeK) 9 K=by1G)yJEL1410)
25tx WRITE (6,290)
232% 290 FORMAT(IOHIAP(TedoK) 429X943HEINSTEIN SPONTANENUS TRANSITION PROBAY
233% LILITY
23ux% WRITE (6,2%)
235% WRITE (6430)
236% WRITE (5060) (Jy(APCL,JoK)9KE137)9d=1,419) ,
237* WRITE (6,1%)
238% WRITE ce.eo:ca.taptl.J:KJ KZB114) 1921 919)
239% WRITE (64290)
Ru0% WeltE (6.25)
2&1* HRITE (5.“0)
2u2* WRITE (6465) (Jo(APCL,JeK)eKE15,19)9Jx1019)
2u3% WRITE (6,48)
244% WRITE (6,50)
24%% WRITE (6eT0) (JelAP(2,J0K)9K=195)sdz1e10)
2ubx WaITE (6,55)
2% WRITE (b, TO)(J CAP(2,JeK) oKmby10) 9 Jufr10)
2u8% WRITE (6+295)
249% 295 FoRMAT(IOMIBB(L19JoeK) 29Xy 42HEINSTEIN ABSORPTIQN TRANSITIQN pRoBAaI
250% 1LITY)
251% WRITE (64+25)
252% WRITE (64+30)
253* WRITE (6960) (Jo(BBCL,JrK)rKEL19T7)eJm1,419)
254 WRITE (6435) _
255% WRITE (6960)(Jo(BBLL,JeKIoKRByid)eImt1e1l)
256% WRITE (64295)
257% WeITE (6,425)
258% WRITE (6,40)
259% WRITE (6465) (J4{BBCL,JeK) o KB15,19)¢Jxlvl1P)
260% WRITE (6445)
2hl% WeITE (6450) -
262% WRITE (6,70 (J,(BBe2, oK)} sK®1,8),¥21,10)
263% WRITE (6;5 )
2o WRITE (64701 (Jy(BB(2,JoK)sKmbE010)9I38110)
245% RETURN
2665 EnD

YIARNOSTICS

\TIaN TIMp = 4,97 CPU SECONDS



111

1% SUBROUTINE ELIM(RKOsaAP)
2%  H¥¥asexTHIS SUBROUTINE COMPUTES DOUBLE COFACTORS Anp USEg THEM
1% gr*ssgktn COMPUTE ETA AND 70TA

us COMMON/BLKS/T, TRYNDO XNE W A{40440),DIVIDE

5% 1/7BLKE/LEI1012,KT KB, K99 IR0+ICO

6% 2 /BLK77 EPS+EL4E2¢XK( 4)oT1vBETA L yAQIRT

7% DIMENSTON RMAT(80,40),1D(4)

Bx DATA IN/tHUsiHye2HSU,2HSS/

9% MN 2 490

10% NeO2 = NDO = 2

11% 520,

12% S1%0.

{3k WRITE (6410) ,

Q4% 10 FORMAT(SuHODQUBLE COFACTORS USED To COMPUTE ETA AND IpTA Iy ELIM/6
15% {{H SIGN FOR DEFINITIAN OF COFACTOR I8 (wid*%¢pi 4 R2 & Cy ¢ C2)/48
16% 2H THIS SIGM CHANGES wHENEVER Rp > Ry OR €2 » C1//,10W ELIMINATE,2

{TH IX,11HR] €1 R2 Cc2¢21X,11HRE C1 R2 C2)



iat
1 9%

20%

22%
23
24%
25%
26%
27%

ax
Sox
30%
Tix
32%
33
LTL
35%
36%
3T
3ax%
9%
yo%
ag®
u2s
u3*
ude
45%
ue*
aT*
48«
L]
gox
5{x
52%
g3%
Sq4%
5%
Ré&%
ST
sax
S9*
0%
6i¥
hen
B3*
sUS
5%
Y1
Y4
HB¥
p9*
70%
7%
72%

73%

Tax*
75%

112

Do 60 KMai,NOOD
IF ((KMeEQ,IROY 1 OR (xkMeEQaICO)Y GO TO 60

cr*xxexgUBROTINE ELM2 ELIMINATES 2 ROWS AND 2 COLyMNg
C¥¥REx¥FROM ORIGINAL MATRIy AND PLACES THE N=2 MATRIX INTYO
CEEExERpMAT AND TBEN THE DauBLE COFACTOR 18 COMPUTED

15

20
25
30

35

40
45
50

c**sxg¥y 18 THE MATRIX ELEMENTy U AND V ARE THE DOURLE CoFACTORS
c*¥*xexxTHE MATRIX WAS DIVIpDED BY DIVIDE TO PREVENT QVERFLOW WHEN
c*e*xxxTHE COFACTORS ARE BEING COMPUTED,
cRxxxyx ACCOUNT HERE

55
&0

65

70
75
8o

8s

90
95
t00

CALLIEL”2£IRQ'IC0.KH,IRQ'RMAToZ)
U= 1,0

v & NDETRM(MNsNOUZyRMATIU)

IF (Mw2) 3G¢$5,20

WRITE (691159)IR02ICO,ID(Y)

Gp T0 2%
WRITE (6,120)IRD,ICO,1DCY)

U3 040

U s U¥y

CablL ELM2(1CO,IRU,KM 1CO,RMAT,Z)
V8 [,0

M B NDETRM{MNyNOCO24RMAT V)

IF (Mw2) 50035,40

WRITE (6,115)IR0¢1CO,70(2)

Go TO 45

WRITE (64120)21IR0YICO,I0(2)

V2 0.0

vV B Va7

IF(KM.GT, IR0} y ® =y
IF(IRD,GTAICO) U m ey
IF(KMaGT4ICC) v & ey
IFCICO,GTLIRU) V & my

SzS¢A (KM IR0 2UXDIVIDE
S1=81ea (KMo ICOY¥VED]TyIDE

WRITE (6455)IR0eiCOsxMs IRDy UL ICOviROIKMIIC Oy
FORMAT (10X o413,2Xy 1PE1SabeSXe4T3e2X4EL1546)
CoNTINUE

Cabl ELM2CIRO1CUSICHIIROIRMAT,,2)
84 = 1,90

M = NDETRM(MNyNOG24RMAT54)

IF (Mmd) 8D965,70

WRITE (6+4115)IROYICO,I0(S)

60 TO 7S

WRITE (64120)IR0+ICC,ID(S)

54 = 0,0

8y = S4¥?

Sy ® =54

WRITE (6+105)IR0*ICO,ICOsIRD+SA
Cabl ELM2CICOsTROsTRAVICOIRMAT 2}
ss = {,0

M B NDETRM(MN,NOO2,RMAT+55)

IF (Me2) 100185490

WRITE (8+815)IRDICO,1I0(4)

Gp TQ 98

WRITE (6+120)IR0O21CO,ID(4)

§g » 0,0

8% = SB¥¥7

85 ® =55

WRITE (69105)Ic0+IR0,IR0+IC0¢8S

THIS MUST BE TAKEN INTO
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tjlsm 105 FARMAT(10Xy413,2X¢s1PE15e6)
M TH ETAR],/S54%5/AP
78% XTOTABRHO/SU*SL/AP
79% WRITE{6v110) ETAsXIOyAIEPS
ao* 110 FORMAT({HOsSHETA B1PP(5,6910XeaHI0TA BE{Se60 {aXsSHEPS =E(5,4)
B WRITEC69111) S8
A2% 111 FoRMAT(4H 8§ =1pEL4,7,10X4HS1 =E14,7)
A3% WRITE (6y11)T1,ToW,Eq,E2,TR .
aux 11 FORMATCTXP2HTL 918X 0 2UTE#LUX I AHW 919X 2HEL 1 14X 2NER 014X 2HTR/ (LPOELS
ASE teb))
AH% RETURN
aT* 115 FORMAT(21HO¥¥* ¥ *UNDEFR/DVERFLOWe 10Xy GHRON 213,10XrgHCOL =13010X0As
B8¥% 1) :
A% 120 FORMAT (22Ho##xx»*#3INGULAR MATRIX, 10X ,5HRUN =14,90X SHCOL %13,10X,A
90% 16)
9L ¥ END
AGNOSTIeS

'InN TIME = 1.46 CPU SECONDS
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1% SUBROUTINE ELM2CIRA+TCAIKRAVKCAIRMATZ)
2% CoMMON/BLKS/TyTReNOO,XNEyWoA(d0s40),D]VIDE
ix DIMENSION RMAT (40,440,
gs IROIRA
5% IcCsICaA
6% KROBKR A
7 KeO=KCA _
8% IF (IR0.LE,KRQ)} Gp Tp 10
9% ISREIRD
10% 158CxKRD
1Lk Ir0=21SC
{2¥ KRO=ISR
1 3% 10 IF (ICO.LE.KLD) GO Tg 15
14% IsR=ICO
5% IsCsKCp
1 6¥ IcC=15c
LT* KeOBISR
18» 15 NNENOOmE
L 9% Do 45 1JK=m{,NN
20% IF (IJKeGELIRO) 6O Tp 20
21 NpBTJK
22" Go Y0 30
23% 20 IF (I1JKeGEJKRO=1) GO TO 25
24 NpE]JK41
25% Go T0 %0
26% 25 NPEIJK42
21 30 Dp 45 KOsIoNN
28% IF (KD,GE.ICQ) GO TO 35
29% NREZKD
30 ~ Go T0 4S5
3% 35 I (KD,GE.XCUe1) GO vn 4o

12% NREKO#{



LY
sL A
15%
36%
37*
18%
39*
yo¥
4te

TAgNOSTICS

TioN TIMmg

40
4s

G

Lt
t;:zgéf§E:2§;i(NP'Nn’
Trilz G
EETURQNE'OJ frmte

ND

-]
.67 CPU SECONUS
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1%
¥
¥
4%
1]
X

1AgNOSTICS

TIoN TIur

1%
FL
1%
4%
S»
h¥

AGNOSTIeS
InN TIMg

1x
2%
3%
4»
S%
a%
T
ax*
ox
10%
11%
2%
13%
14
15%
16%
17%
18#
19%
20%
21%
22%
23%
24*
25*
26%
oT%
28*
P9

10
15

20

25

30

116

e
+21 CPU SECONDS

'B

5 .
+21 CPU SECONLS

SyUBROU
IMTEGETIN& S8IMgal
EoUIVlEEE e
?;MENSIONcE(ESAVE’ISAVE o
i :2.52.0’ 68’;8(N’N)';( N
E(I)tl il N -
NMisL
. Ne i
oA EOU:ERFL (1BlG
$AVERe é’LN“! -
;1=K+1 ’
Dg:gs JEK LN
Ir'tgnigk.LN
AT »ABS(A
Ve (Ied
1BIG= (ACT133) o
JBIG.E 1) 125925
ggNIINUE
K
4 +EQ,IBIG) GO TO
32v30 JEK LN :
A‘KEBA(KlJ)
At tMG,J)=sAVEJ)
oy SS.EQ.O, Go
00 ehegn TO 40
E(KEIBfK!J)
Ked)uB(IBIG, )



0.
1%
32%
33X
34r
3I5%
36%
37%
38%
39
4o
yi#
42%
43%
44
49%
yo¥
urx
a8
49*
GO%
51¥
52%
SIx
S
55%
56%
(34"
s8x
59%
6O*
61*
sk
a5%
nu*
5%
6h%
67*
68%
£9%
70%
7i%
12%
73%
T4%
75%
76%
TTH
78%
79%
- BO%
i

o g 2%
AY*
RiR

AgNDSTICS

35
40
4%

50

55
50

65

70
75

80
8s

90
95

100

105

110

115
120

125
130

8(1BIG,J)RSAVE

I1F (KwJBIG) 45,55,45
DawD

Do S0 I®f{LN
SAVEZACI WK}
ArleK)=ACLoJBIG)
Atl.JBIG)=SAVE

1F (M,EQ,0) GO TO 55
1SAVERE(K)
EeK)®E(JBIG)
E(JBIGI®ISAVE

IF CA{KeK)) B0,130969

DeDsA{KeK)

Do 80 IZK)4LN
SAVERA(LeK)/A{KsK)

0o 65 JeKisiN
A(ToJ)mA(leJ)oSAVEXA(KeJ)
ALl OVERFL(1B1G)

IF (IB1Gm1) 70,125,479

IF (M,EQ,0) 60 TO 80

Dg 75 JmislM
B(I,J)eR(l,J)wSAVESB(K,J)
call OVERFL(IB1G)

IF (1BI1Gwl) 20,125,8p
CONTINYE

IF (ACLNJLN)) 851130,85
IF(LNoNES 1) DDA Ny N)
cali, OVERFL(IBIG) '
IF {(1B1Gm1) 90,125+9p

IF (M) 95+120,495

Pp 110 J=1.LM
BE{LNyJI*BCLNoJY/ACLN LN)
call OVERFL(IB1G)

IF (IBIG=1) 10091259100
DO 110 JBIG=1, NMY
1zlNeJalG

SAVE®RQ,

Iplalet

0o 105 KsIPLeiN
BAVESSAVE+A(T o) *B(K, D)

Belad)alB(Ied)wSAVE) ZACLH])

cal.b OVERFL{IBYG)
IF (IBIGa1) 31100125+110
CoNTINYE ‘
Do §1% KmlelN
T=E(K)

DO 115 JalelM
Aelod)zB(Ked)

LT3

RETURN

Mu?

RETURN

Me3

RETURN

END

117
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Input Quantities

NF
NT

NALPH
NOF
7(1,J,K)

TR
ALPH

K7
K8
K9
TAST

et N

NTAU
TAU
DIVIDE
NOY
IPROB
TTAST

initial ion (usually 1)

total number of ions (usually 3)
number of Q's and B's

number of f numbers

f numbers

electron temperature (°K)
radiation temperature (°X)

% 3%

ﬁijk

optical thickness at center of line (K7, X8, K9)
dilution factor

number of electrons
indeces of thick line

not used

some ion between NF and NT {(usually 2)

number of depth points, TAU

depth points at which optically thick sclutions are made

constant divisor to prevent overflow of A matrix

number of thick lines other than line (K7, K8, X9)

problem identification number

=1, go to beginning of program and start new problem with new
temperatures, etc.

= 2 , start in middle; temperatures remain the same, but new
Tl’ W, XNE, etec.

1
\N
Tl

change the Y values only.

11



Input Cards

Card

1

10
11

2a, 2b, etec.

ha, ete.

Ta, etec.

Format

1216
%16, El12.8

6E12.8
316, 15X, 2FE15.8

6E12.8
1216
6E12.8
6E12.8
1216

1216

316, E12.8

119

Content

NF, NT, NALPH, NOF

K, J, K, Fij a set of cards containing

k
one f number and its indeces per card.
T, TR

a
L J % 13k’ Bijk
containing & and B for a given ijk for

a set of cards

a given temperature.

T, W, XUE

X7, K8, K9, IAST, LE, NTAU

TAU

DIVIDE

NoY

IPRPB, ILAST

(if needed) Yijk = 1.0 a set of cards

equal in number to N@Y containing the

indeces for thick lines and Yijk = 1.0

1k
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Some Other Constants and Variables

TE
AL, ALPHA
BE, BET

PAZ

Npp

A{1,J)

NFI
NFJ
NFK

T N

sometimes used for T (electron temperature °K)
sometimes used for ALPH

sometimes used for BETA

array containing the serial number of the first level in each ion.
That is, MAl =1, MAE = 20, MA3 = 30.

array containing the number of levels in each ion
number of the last ion (=3)

statistical weight ion i, level j

energy values in wave numbers above El,l

number of outer shell electrons

|E(1,K) - E(I,J)| in wave numbers

EZ in electron volts

Shy? hv
Bat Te = =5 / (ekT 1)
B at Tr
Be/BTr 10
4,803 x 10 ~, e - elementary charge
3.1416, n
6.6256 x 10“27 Planck constant

2.9979 x lOlO velocity of light cm/sec
1.3805 x 10716
9.1091 x 1020 electron rest mass

2.179 x 10_11, Rydberg constant x Planck constant x velocity of light

8.797 x 10'17, mA_, A - Bohr radius

Boltzmann constant

nunber of rows and columns in A metrix

element of A matrix (in this case I and J refer to serial number
of level: i.e., A{15, 23) is ion 1, level 15, and ion 2, level 4

storage arrays for the indeces of fijk
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SIMULTANEQUS LINEAR EQUATION

FUNCTION SUBPROGRAM

p)

NSIMEQ(N,LN,LM,A,B,D,E}

XSIMEQ{N ,LN,LM,A,B,D,E}

NDETRM (N, LN,A,D)

XDETRM{N,LN,A,D)

Page
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NSIMEQ NDETRM ' : 122
XSIMEQ XDETRM

. PURPOSE:
To selve the matrix equation A+X = B for the unknown matrix X. At the same time, this subroutine

computes a sealed version of the determinant of the matrix A.

r'aij h!' TE‘IIIE!F‘Z:
This subzoutine i+ used wilh the tollowing ralling senquences:

M = NUIMEG{N,LN,IM,A,B,D,E)

ar
M = XSIMEG(N,LN,LM,A,B,D,E)
where
M = a8 fixed point constant or variable whose value must be equal to the maximum value that
may be assumed by the subscript I of the matrix A{I,J)}. This value is identical with
the value given 1n the DIMENS1ON statement that sets the upper limits for the subscripts
of A (see cample program).
LN = a fixed point constant or variable cqual to the actual number of rows or columns in matrix
A and the number of rows in matrix B.
] = a fixed paint conttant or variable ‘equal to the actual number of columns In matrix B.
A = {he spurce proyram fleatlng point variable used Lo designate the cloments of matrix A,
, .
which may be stored by either ruw or column, The READ and WRITE utatomentc muut be
written accordingly.
B = the source program floating point variable used to designate the elements of matrix B.
o = a floating point variable whase value serves as a scale factor by which NSIMEQ or XSIMEQ

multiplies the value of the det&rminénf of the matrix A. After the execution of the

subributine, D containg the scaled value of the determinant.. The determinant is Formed

In the fullowing mannert
LN

b TT AMia)n
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i.e.. by forming products of successive pivots with the proper sign adjustment toe com-
pentgate for the row and column interchanges. Unless the value of the determinant is

needed, it is best to set D equal tu zerso.

E = & fixed or floating point variable array of
length at least equal to the number of rows or columns of matrix A. In this area

HZIMEQ or XSIMEQ keep a record of the column permutations. The contents of E may be
erased after return from the sub-program.

=
H

a fixed point variable which will be assigned the fixed point constants:
1. if the solutison was successful
2. 1f urderfiow or overflow vocurs

F. if the natrix A 1. singuiar.

catey The Ly wtatement THILGER XSIMED munt appesr in Lhe calling program.

Solution ot the matcolx equation A+X = B 1 accomplished by upper triangularizing the A
metrlix uslng & maximﬁm pivot for cach reduction step, This entails searching the reduced
(H=~K+1 )X (li=K+1} A matrix ~ at the Kth stage of reduction - for the clement with the larqest
aksolute value. A row and column interchange is then performed to bring this element into
ihe AKK position. After compietion of the triangularization the X matrix is obtained by

back substitution.

2. Loding

FORTRAN 1V for the UNIVAG.1107,
SIRISIIONG:

Voo [he nagnitude of 1§y resteicted only by Lthe namher ol core tocations avadlable and depends,

therrture un Lhe programn in which SIMEG o XDIMLO Tu ounod,

2. NGIMEG and XSIMEG call anuther subprogram SIMEQ. Therefore, the use of a subprogram or a

function named 3IMEQ is forbidden in programs that use NSIMEQ, NDETRM, XISIMEQ, or XDETRM.

KOTE: To solwve the matrix equation A«X = B for the unknown matrix X, the dimensions of the various
matrices must be:

Ay NI x i

Bl ox IM IM LN
Xz N s 1M

SECTION: PAGH; .



UNIVAC D7 BEEF |
R P . MATH ROUTINES UP-3984, 10

NSIMES DETAM 124
LS IMEL XDETEM

Tt is osssitle for the programs to give a solution to the matrix equation A + X = B with
iM > H. if a sslution to the matrix equation must be obtained with the B matrix having
more columns than the order of matrix A, then the dimensiocns of the various matrices must

be as follows:

Ar N x LM
B: N x LM
X3 N ox LM

Errors detected in the execution of NSIﬁEQ or XSIMEG result in normal UNIVAC Monitor orror rvelurns.

The status of the overflow trigger is not preserved on entry. On exit, this trigger is in the OFF

position.,

STORAGE:
The elements of the matrices A and B are stored in FORTRAN IV order. Execution of this subroutine

destroys the original A and B matrices.

After a successful exit from this subroutine, the answers cor the X matrix replace the original A

matrix. This replacement 15 done according to the scheme:

A{1,]) is replaced by X(1,J)

The programmer may chooge to use thé_éamﬁ floating hoint 5uhsgripted variable to reference the
answer that he used to reference the[ei@ﬁénts of ihé A matrix, or he may choése to reference the
solution by a different eubsctipteduésii#ble. If the latter is the casé, this variable will appecar
in a dimension and equivalence statement.. The choice10{_paraﬁeters which appear with this variakle

in a dimension statement must bé chosen in accordance with the following rule:

If A(I,]) is used to referénce elements of the original A matrix and X(I,J) is chosen
to referencé elements of tﬁe solution matrix, then those two variables must appear in
a dimension statement with thé following #araheters:
EQUIVALENCE (A,X) |
DIMENSION A(N,N),X(Nji.}

where

|, 2 numbar ot olumns jn matrix.
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XSIMEQ XDETRM
STORAGE:

NSIMEQ requires 418 words of instruction and 4g words of dataj SIMEQ requires 740g words of instruc-

tion and 638 words of data.

No COMMON storage 1s used.
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PURPQGE:
To evaluate the expression
D x DETL{A)

for a given arbitrary square matrix A and some Floating point variable D.

CALLING SEQUENCE:

NDETRM or XDETRM should be used with the following calling sequences:

NDETAM(N,LN,A,D)
or

M

]

XDETRM{N,LN,A,D}
where N, LN, and A are as described under NSIMEQ or XSIMEQ and

D

ance with the scheme outilned under METHOD: On exit from the subroubtline Lhe original

; value of D will be replaced by the scaled value of the deteiminant. In the vase of a

singular matrix the determinant (D) will be set to zero.
M = a fixed point variable which will be assigned the following values:
1. if the subroutine was successfuly
2. if overflow or underflow occurred;

3. if matrix A was singular.

NOTE: The type statement INTEGER XDETRM must appear in the calling program.

WUETRM and XDETRM ére function subprograms that nauseventry inte the GIMEQ subroutine, lintry

by HDETRM or XDETRM cause only the triangularizaiion porlion of GIMEQ to be uned.

NSIMEQ or XSIMEQ for a description of this procoss).  The manner tn which fhe determinant fo

cumputed 1 8 Tollowss During euch level of reductlon of Lhe A matrix Lhe expreunton

W | -
TT a(1,1)p ' o
I=1

a floating point variable. Its value will be uced to multiply the determinant in accord=-
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{5 computed. Abter the final level df reduction the result o multiplicd by thoe nivat, e
#henever a tow or column interchange is required Lo put a maximum plvot on the diacmonal tie
sign of the above expression 1s changed. The final expre.sion will then have the ~orvest

sign.  If the second argument of NDETRM ur XDETRM i¢ a 1, the eccor coturn [ B S

indicating the matriz A to be singular whether or not A(T,[)=0.

2. Ceding

FORTIRAN IV for the UNIVAC 1107.

RESTRICTIONS:
1. The magnitude of 1 1o testricled only by the nunber of core lovations avallabde ard denend

theretore an the program in which NOIMEG o0 XSIMEG T vsed,

Y. OINES and XGIMEG call annther subprogram SIMEG. Therelore, the use of a cabprogrdm oroo

tunrtion named SIMEG 1o (orhidden in programs that ase NSIMEG, NDETUM, XGIMEQ. o0 XDLTHM.

SLBAGE:
The elements of matrir A must be stored Lhrough the use of a FORTRAN doubly subscripted floating

puint variable. The subscripts must assume only consecutive integer wvalues.
HDETRM requires 329 words of instruction and 58 words of data.

lin COMMON storage is used.



1%
2x
3%
4%
LT
Y
Tx
Y

la Naly]

AFFENDIX B 129

PROGRAM FOR SOLUTION OF LINE TRANSPORT
EQUATTON

BOUND = BOUND CASE

THREF LEVELS AND CONTINUUM

SOLVES FOR N3/N)
DOURLE PRECISION RRY,EM1146G12¢6G33
DOUBLE PRECISION R29RKyBIsC124C219C139C319C23,C324PK1,PK24PK3,
JP1KeP2KyPIKIPLI20P21ep130P31eP239P32¢D11029D34PHID pHR 1 oPHLZ4PHIT,
PPHR3PHI2 2+ ZX1ZY+EPSaRSeCJ SToWL oW MWK ¢ Wit Mg SW EMI2eEMPL
DOUBLE PRECISICN EF



9%
10%
11¥
{1 2%
13%
14%
15%
16%
1_7.
18%
{O%
20%
21¥
22%
23x
2ux
25
26%
2™
28
29x
0%
I
2%
I3x%
Ra*
1Sx
36%*
37%
I8
319%
a0x
41%
a2
41
yax
5%
4b*
47*
08>
49%
SO
51*

cas

g3x%
cux
S5¥
Sb6%
ST
58%
59%
b0
al*
Y1)
hiw
AO*
It
Ab®

10
12
15
20
25

30

CoUBLE
PpUBLE
ONUBLE
DOURLE
DOUBLE
pouBlE
CouBLE

'PRECISION

PRECISIQN
PRECISION
PRECISION
PRECISION
PRECISICN
PRECISION
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T

F

FXqgGXqAX

EMyv

NOSANTIeXeFIeFIX
ELsE29E3vE4 9 XK
ZoZveDZoSToZKLsCONeXNLIPR]

COMMON/BLKE/T(S1) sE1¢31)¢ER(31)4E3C31)4EG(3]1)
COMMON/BLK2/F (31031 oFIC31 o314 WL (31031 aWLMETLa31eXK (31039

IXL(31+31)
DIMENSTON
RYMENSTION
DIMENSTION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSTON
DIVMENSION
DIMENSTION
PIMENSION

EPS(31)eBS(31)¢BI(31)

EF(31e31)ex(3))

EM(31431),JC(31),vV(2)
WKLMI3Eo31)eTH(31e31) 98N C31e31)

XNC3L) o FX 31031 oFIXC3L 939D 96X {31)0AX(39)oRX(BL)9CIC3L)
WKLE33931),5J¢31)
Z:%l)oﬁlfli}rRK(St)-zKL(Si)9!Nl[31)o!N2(31J'XNKtllJ
DAC2)

R2Z(I1) e AN3(3Y)

PI2C31)sP21 (34 oP13C31IvP31(31)9P23(31)eP32¢31)
XEPS(II)oETA(S1)yXIDTAC3Y)

FORMAT(6EL12,8)

FORMAT(1216)

FORMAT(16+D12,80E12,8)

FORMAT (1RO oIy 2X e IPSE20.T/(TXeS5E20,T))
FORMAT(1IHOUNIT PRODIICT)

CALL DATE(9+D8)

Lx = 3%
Ne & 34
NR = 31

LMAX = 3y

hy = 0.5

PT = 3,1415926%

TSP % 1,1283792

ExU » $983n5,0

C = 2,997925E4+10

H & b,6256End7

HK = §,3%8054E~16
READ(Sy$t2) IR.IEPS
READ (Se15INDyZTeXNT

N7 = &¥ND

MY

NZM 2 NZ = |

NZP & NZ 4+ 1

READ (5930)(R1(T)y189,NZ)

FARMAT(SD15,8)

READ(S¢30) (R2(I)e1my4NZ)

READ(Ss30) (RK(I)sImqyNI)

IFCIRLGT 1) READ(S30) (BI(I)eIxieND)
READ(S«10) XMeTCUT4VEL

READ(S10) TEoXNE XNIIoG1¢62463
READ(S,y10) BRE2¢BK21,AKi3¢BK31,BK23,BK32
READ (Se10)0OM12,0M21 ,0ME3o0M38,0M23,0M32
READ (5+10)BB12,BB21,BB13+,RR31,BB23,8832
READ (Se10)AP21 AP, APR2+ABIK)AB2KyAB3K
READ (Se10YAL1vAL2+A 3¢BE1,BE2,BES

RFAD (5+10)081k,0B2K,NB3KsDBIDB2¢DBY
YFUTEPS ,EQ,1) READ(S,10) (XEPSCIDeETA(I) o XIOTALT)eT=14M2)
A x (2,0nmMkXNURK2)R(YNU/(CEX2))
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)(,Tt HKT & (HM¥XNU)/(HK®TEY
F /5T sp = A/{EXP(HKT) = {,0)
89 BET 3 EXP(=HKT)
70% C12 & XNE¥OMi2
Tiw C21 = XNE*OMZ
72% £13 ® ¥NE*QML3
T3% 3] = XNESOM3y
TUx C23 = YNE¥OME3
T5% €32 = XNE®OM32
ThHx prki = YNE*CALL ¢ BEj] & XNEwDBY)
77% P2 ® XNE*{AL2 ¢ BE2 + XNE¥DB2)
78% PK3 ® XNEX(ALS + BEY ¢ XNEXDBI)
79% PIK ® ABIK & XNE¥QBIiK
BO* Po2K m AB2K ¢ XNE¥OB2k
Ay Pgk = ABZIK + XNE¥DB3K
Y.L GO TO (39+36) 1R
B3 31 Dp 32 1 = 1eNZ
AU P12¢l) = BB12 ¢+ C12
A5 P21¢I) = BR21 ¢ (21 + AP2!
f6% P13¢1) = BB13 + C13
ATs P31¢1) 3 BB3] + C31 + AP}
88 Pa3(I) = Bp23 + C23
™ p32(1) = BRIZ ¢ (32 4+ Ap32
1,2 32 CONTINUE
0% Go YO uai
Q2% 36 Dg 37 1 = 1#NZ
9%¢ P12(1) = C12 ¢+ BKi{2spJ(])
9u» P21(1) = AP21 + €21 ¢+ BKZ1eBJ(I)
5% PI3CYY = C13 + BKiZ*pJ(I)
OhN p31¢Y) = Ap31 ¢ C31 4 BK3I{sBJ(I)
o7% P23(1) = C23 + BK23¥RpJ(1)
9A¥ P32(I) = €32 + aAP32 & pK32¥BJ(I)
99 - 37 CoNTINUE
tan% 49 CONTINUE
TXE. ny = Px1 + PK2
1o2# N2 = pxy ¢ PK3
103% Dy & PK2 ¢+ PK3
foux PHIZ = (PIK¥PK2)/D1
105% pH2l & (P2K¥PK{)/0D}
Lob% PHIZ & (PIK¥PK3)/D2
107% PH3Y = (P3K¥PKL)/D2
{o8x PH23 = (P2K*PK3)/D3
109% Pu32 = (P3x¥PK2)/D3
110% G112 = G1/6G2
111% G13 = G61/63
t12% IFCIEPS.EQ,1sANDsIREQ.L) GO TO 43
113% Do 42 1 = 1N2
{10% EM12 = «(P32(1) *+ PH32)
115% EM21 = =(P23(1) *+ PH23)
116% Emitl = P21(I) ¢ PH21 =» Em21
$4TH RRY = P12(1) & PHi2
)1;3# Ix = (C31 + PH31 & PR2(1) + PH3I2 = (EMI2¥EM21/EM11))/APTY
119% Zy = (G13/7APILIR(CLY « PHIZ = EM21¥prl/EMIY)
120% EpS(]) = IX = 7V¥
1219 BS(1) = C(ARZY)/EPS(I)
122% 42 CONTINUE
EAY Gn TO 46

12d% 4% DM 44 T = {eN7Z



lés:i

176%
127%
PLE
129%
130%
131%
132
193%
134%
13ax%
1%6%
137
138%
139%
140%
141%
142%
143%
1{3&*
145%
1a6%
147«
1ub*
149%
150%
181*
1528
183
154*
15h*
[56%
Is7*
158%
SLil
L1o0*
1h1x
162%
$61e
160
165%
166%
167*
148%
169%
170%
171%
172%
73
L74*
175%
{76%
117
178=»
179%
1A0%
181+
1a2%

132

EPS3(1) = XEPS(I) + ETALD)
BS(I) = (XEPS(I)*5C 4 XIDTAtI))/ﬁPS(I)
44 CONTINUE
46 CONTINYE
SH x (2.0%HK¥TEY /XM 4 VEL*x?
DNUD = (XNU/ZCI*SART(50)
PHIZ 3 1,0/(DNUD¥*SORT(PI))
CON = ((HEXNU) /(4. 0%PT))#PHIZARKLS
D0 35 IsyeNZ
XNTCI) = XNT/({1,0 + RY{I) ¢« R2¢1) + RK(I1))

AN2(I)Y = RICIISXNECIY |
XNICI) = R2OII*XNIC(Y) !
XNKCI) = RKCE)eXNTCYY

Ikl (I} = CON*XNi(Id#¢y 0 = G13#R2(1))

35 CoNTINUFE

ZTL = 14000008927

L = ALOGIOCZTL)

KL & ZL

LL ® KL = ND

(1) = 0,0

2(23) = 10,0%¥ L

2¢2) = 2,0%2(2)

I¢4)y = S, 0%2(2)

NDH = 3%ND ¢ {

NDHP & NDH ¢ A

IF {(ND,EQ.1) Gp TO 45

Do 40 t=S,NDH

2¢1) & 10,0%(1=3)
40 CoONTINPE
45 Do S0 JaNDHPeNZ

JI 28 NZ.» J ¢ 3

2¢J) 2 27T = 20400
S0 CoNTINGE

ST = 0,0

Tel) = .72¢4)

DO 55 1224NI

Dz = Z¢1) » Z(Iwl)

TCIY ® 37 « 0,5#DZx(7xLCYvt) + ZKL(I))

sy = Y({I)
S5 CONTINYE ,

WRITE (6460)(T(J) e Jm1N2)
60 FORMAT(UHOTAU/(IPD30, 18))

WRITE (646%)
65 FORMAT(19H{BOUND = BoUND CASEe10Xv26HTHREE LEVELS aAND CONTINUUMe10

1Y, 18HSOLUTION FOR N3 /N1)

. o e e e e mm e amm e o e e o e

NRITE (6¢70)DAYNDOZT JXNT !
70 FORMAT(1{HOINPUY DATAQ!OOK,A&,A}//ZQH NUMBER nF DECADES =13/18H GE!
{OMETRIC DEPTH =1PES,1/18M TOTAL PARTICLES =Etf,4) L

WRITEC6eT73) XMyVvEL

7% FORMAT(4H M S{PELL,4/4N v 2E1L,4)
WRITE (6,80)TCULY

80 FORMAT(TM TCUT =Fé,1)
WRITE (&, BSJCZtIJvRItIJoﬁatIJoRK(IJoXNl(IJaXNett)-!NB(I) XNK{
t1oNZ)

85 FoRMATtlHo BX g JHZ p 13% o SHN2/NT» 10X 9 SHNI/NL e 10X, SHNK /N1, 11Xy 2HNY, 13!9
gEHN2013X02HN}.ISXo?HNKlltjP&EIS 43))
WRITE(ksBRS) CZ(IJ-ZKL(I)c?(I)vBJ(1)95P5(!3 Bs(IdelzleNZ)

84 FORMAY(1HO+8X, 1HZo1ex'€HKAPPA¢12x-3HTAU-12!oaHJB&R 11X e IHEPS ¢ 13X 2
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{HBS/(IPEE15,4))
WRITE (6s9S)TEWXNEyXNU9G1 163 '

95 FORMAT(SHITE a1PE22,1/5H NE RE22,4/7H NU3L =E20,54RH C1/SEC) /7H wT!
1 1 ®0PF2040/7H WT 3 gF20,0) !

WRITE cb.;oo)omga,omgl,0M13,0M31.DM33pUM32 !
100 FORMAT(12H OMEGA(12) ®iPE15,4/12H OMEGA(21) 2E15.4/12H OMEGA(13) =
JE15,4/124 OMEGAC31) sF15,4/12H OMEGA(23) 3E(5,4/12 OMEGA(32) =E15!
2e4) 4
WRITE (be105)RB12yBB21+BALITIBBTL,BR2TIRE3ID ) '
105 FoRMAT(11H BRBAR(12) ={pF16,4/11H BBAR(21) = E16,4/11H BBAR(C13) =E{!
- 1644/11H BBAR(31) 2Ffg,4/11H BBAR(23) PEL6e4/11H BBAR(32) =E16,4)
WRITE tboIIO)APEItAPSIlAPS?!ABlK!ABZK!AB3K }
llOFFgRHATCQH”AP(?!!Vﬂl?glﬂ,ﬂ/QH Ap(31) =E18,4/9H Ap(3)) =E18e,d4/7111 ABY
1ARCIK) 3E1644/11H ABAR(2K) =Eyp,4/§qH ABAR(IK) =F14,4) '
WRITE (60115S)AL19AL2,AL3yBELsRE2BES '
115 FNRMAT (124 ALPHA(11) BIPE1S.4/124 ALPHA(21) ZE1Se4/12H ALPHACTY) =
1E1S.4/714H BETACIL) =F16,4/11H BETA(21) BE1644/11H RETA(3]) =mEfhe4)!
WRITE tbo120)081K-052K9053Kv081-DBZyDBS R !
120 FORMAT(11H OBARCIK) £1PE1p,4/11H DBAR(2K) SE16ey/11H NBAR(3K) =Egg!
1e4/11H DBAR(LIK) =E16,4/11H DBAR(2K) 2E16,4/11H DBAR(3K) z€th,4) '
WRITE(6+97) BK12¢BK2{4BK139BK3|sBK23,BK32
97 FOoRMAYT(6W B2 aiPE21,4/6H B21 2E21,4/6H B3 2E21,4,4H B3y 2E21,4/6
14 B23 2E21,4/6H B3p 2E21,4)
WRITE(A9125) aeBET,8¢ .
125 FORMAT{LHOA =1pE23,7/4H B =E23,7/9H PLANCK =F18,7)
WRITE(6y98) PK1.PKE.PKS;PlK.PEK.PJK.Dl¢Da.03.Pﬂga.pHa1.PHls.Pusl9
1PHE3yPK3? .

98 FORMAT(6H pXL =1PE21,4/6H pK2 3E21,4/6M PK3 zE2(,4/6H piK zE21,4/6
1H P2K =E214U/6H P3K gE21,4/5H Df BEp244/5H D2 =£22,4/5H D3 =2Ep2,4/
2TH PH12 =E20e4/7H PH2Y =E20,4/7H PH13 ®E20,4/7H PHY| 2E20¢4/TH PH2
33 2E2044/7H PHI2 =E24,4)

WRITE(6199) (Ztr)oplzgxagpaltlnvPlStIJvPSI(!).PEB(I)-PSE(I)-IllvNZ
1)

99 FQRMATCXHOvSXo1HZ-13xp3HP12012113HP21012Xt3le3-IEX.SHPSioIZX:3HP2

13¢12X03HP32//((\PTELS 4))
NY = NY :
NTM 3 NT w '
READ (Se10)YA,vR !
IF €T(NZ)WLEe1,0) GO YO 4ug !
XA = DLOG(TINZYY '
XMAX = SERT(XA)Y !
JYX ® XMAXY /DX }
Ny = JY 4 2 '
XNCL) = Qo0 '
DO 130 Js2eNX ;
XJ 2 J = | !
XN{J) = DXsXxyJ ’
130 CONTINUE ;
WRITE €69135) (XNCK) sk onX) !
135 FORMAT(SHOX(K) //7(1PE(%,2)) '
DO 140 IxieNX !
Do 140 Jet,nNX t
FX{I¢d) = 040 '
FIXCIed) = Qe0 '
140 CoNTINpE ’
DO 145 IzgeNX '
FX(Iv1) = 1,0 !
FIXC1v1) = 140 '



241*
242%
243*
24us
245%
246%
247
248%
249%
250%
2%y %
2%2»
253x
2%4x
255%
256%
2sTx
258%
259x%
260%
261%
2462%
263"
2elx
2h0K
266X
267%
2468%
Zao¥
270%
271%
272%
273%
274%
2T5%
276%
2717
. 278%
279%
280x
cRLX
PR2¥
2A3x
- 2RAUx
285x%
286%
2AT%
288
289%
290%
2ot
292«
293%
294x
295%
206%
297T*

298%

145

{50

158

160
165

170

175

180
185

190

19g

e0o
205

210

134

CONTINUE

On 150 Jm24NX

JM B J -

P 1%0 I=y,JM

XX = XNCTYZXUNCD)

FXCIod) = (a0 = XXIk(140 = YARXX)
FIX(Ied) = FXCIed)

CoONTINUE

IE = NOSONIC(FIXeXoNX LX)

IF (IELEQ.0) Gp TO 4ps

WRITE (6,15%)

FORMAT ¢(SHOF (X))

DO 160 ImtoNX

WRITE (6420) 14 (FX(Tog)oJIm1qNX)
CaNTINHE

WRITE (64165}

FORMATC1 I HOFX INVERSE)

DO 170 ImiNX

WRITE (6+20)Le(FIXCI,J)0Jdstsn))
CONTINUE

0O 175 I=fsNX

Do 175 JateNX

EF{I¢J) = 0,0

CONTINUE

Do 180 IsioNX

Co 180 J=i.NX

DO 180 KmfoNX

EF(Ied) = EFCIod) % EXC(LaKI*FIX(KeJ)
CANTINUE

WRITE (6,425)

DO 185 I=l.NX , :

WRITE (6420010 CEF(Tog) ezt enX)
CONTINUE

G(1) = XNC{NX)

Do 190 Ju2¢nX

GX(J) = 0 SEXNCJI®(1,.0 » YA/3,0)
CONTINVE

WRITE (6419%)YA4YB

FORMATCSHOYA mqPEYy,4/%H ¥YB =Eqq,4)
Do 200 KmileNX

A!FK) Z 0N

Do 200 J=p,NX

CAXCK) m AX(KD + GX(JYSFIX(JeK)

ConNTINUE

WRITE (64205 CXNCI) GXCI),AXCTY, 181 ,NX)
FURHthIHOvIIKUIHXv15XtﬂHGtX)pl?!!EHAKl(iPSEEO.B))
NTK 3 NZ :

NTKM ® NTK = |

DD 210 Mzi,NX

X2 & XN(M)x%2

Ex2 = FXP(wX2)

DD 230 L=iyNZ

TXlLeM) = TCL)*EX2
CONTINUE

DO 215 IzieNX

EX 8 XN(I)x$?2

RY{IY = AX(I)*EXP(=Ey)



)99*
Q0%
301*
S02%
3603
Ip4x
3p5%
S0h*
3n 7%
Lp8*
309%
310%
111%
Ti2x
L TR
3qa%
345%
J16%
T47%
318%

319%
320% -

321%

3p2%

3238
3348

3p5%

326%
27
328%
3129
3130%
33¢s
332x
333
334x
335%
334
Ig7*
3yéax
3I39%
T40%
341%
3y2%
34
Ia4x
T4S%
TUb*
$47%
3a8%
149%
J350%
b LR
Ig2x
I53%
IS4
355%
156X

215

220

225

230

215

240
245

25¢

255

260
265

ero
215

280
285

290
295

300
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CONTINUE
0n 220 Imi.NZ
17T = ¥
IF (T(I)ul,0) 22042254225
CONTINUE
It = I7
6o Y0 230
CONTINUE
IyM & 1T = 1
CONTINUE
no 235 I=1eNZ
1s = 1
IF (T(1)=0,5) 235+235,240
CanTInUE
IsM = 18
&0 TO 24%
CoNTINUE
IsM = 1S = |
CONTINUE
KN = 1
Do 250 Isi,LMAX
Do 2%0 JxlsLMAY
SWlled) = oo
CONTINUE
. OUTER LOOP ON FREQUENCY we== TNDEX K
PO 320 KmigyNX
KK 58 K )
Do 255 1mi N2
TCIY =2 T(IeK)
CONTINVE
NTK = N2
NYKM = NTK » |
T8PR = TSPHRX(K)
WRITE (6¢260)XN(K)oTERR ,
FORMAT (4HIX ®F6,2910xsTHCONSTY =1PE11,4)
WRITE (6¢268) (TK(IoK)oI®ioNTK)
FORMATC1HO o 11X 2HTK//(IPE204T))
CaLL WMATINZ*TCULT)
DD 270 TI=y NTK
0n 270 Jel.NTK
WKLM(TeJ) = WEM(Ied)
WKL{TeJ) = WL(Ted)
CaNTINUE
CONTINUE
1F (IT,EQe1) GN TO 22%
D 280 IsieITM
Do 280 JxisNZ
SW(TIeJdY = SW(TyJ) ¢ TSPR¥WKLC(IWJ)
CONTINUVE
IF (IT,EQeN2) GO To 295
D 290 IsIT,NIZ
D 290 Jui NI
SWCIsJY = SWCIeJ) & TSPREWKLM(IWJ)
CONTINUE
CoNTINUE
WRITE (6y300)
FORMAT (1 THOWIJIKCLAMBOA = 1))
Do 305 Imi NZ
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35T WRITE Ibuao)IOCWKLM!IQJ)lJIlvNZ)

5B 305 CoNTINUE

159% WRITE (6,310)

340% 310 FORMATC(L3HOWIJK(LAMBPA))

361%* Dp 315 TI=14N2

Ta2% WRITE (6420014 (WKL(T,J)9J=LeND)

343 315 CONTINUE

364% 320 CoONTINUE

1H5¥ WRITE (6,.325)

Yoh¥ 325 FORMAT(THOS(IeJ))

IaTE 0o 330 IniaNZ

16B% WRITE (6.2031.(5N(I.J).J=1,N23

369% 330 CONTINUE

370% 1F C(17.E0.1) Gp TO 300

3TL% Do 335 Imi,ITM

372% Do 335 JeieNZ

373 Em(Ied) 2 o(1,0/7(8,0 # EPS(1)))*SH{T)
37us IF(TI.EQeJ) EM(Ted) = EM(IWJ) ¢ 1.0

1YS# 335 CONTINUE

176% 340 IF (17.Eg«NI) GO TO 350

397TE Do 345 IsITeNZ

378% pn 345 JmigNZ

179% CEM(19J) ® w(1,0/EPS(T))I¥SH(TND)

JANX IFLILEDG]) EM(14J) = EMCTed) + 1,0 : e e
satx 345 CONTINUE

82 150 CoNTINUE

IALE 1F (1T,EQ41) GO TO 360

IpuE po 355 Ix1s]1TH _

385" CJCYY = C(EpSLIYI/(1,0 + ErS(1)))*BS(I)
SabH* 3155 CONTINUE

taTH IF (1T,EQeNZ) GO TO 370

IAAX 160 Do 365 Im]TeNZ

198 cJ(I) = BS(I)

390% 365 CONTINUE

391¥ 170 CONYINUE

392% Dn 375 Y=teNL

393 EMiIoNZPY 2 CJCD)

LY L 375 CONTINUE

'39S% WRITE (&,380) '

194X 380 FORMATCTHOMEL,J))

3197 po 385 IsisNZ _

T98% WRITE (6420319 CEMCI0J) e JeloNIP)

399X 3185 CONTINUE

a00% : N = NI

doin MC ® NZP

4g2% vei) s 4

4go3* cakl GJR(EM.NC.NR,N.nc.Sato.JC.v}

Houe 00 390 IzieNZ

LoS* 83(1) w EMCIWNZP)

Ugb¥ BJCI) = 8JCI)H(1e0 ¢ EPS(I)) = EPSCIY*BS(I)
- 407T* Iy = EPS(1)¢BS(I)/A |
unnx Iy = EPS(I) + 1Y

4gon RR1 ® P12(1) + PH12

uy0% EM12 = =(P32(1) * PHI2)

4q1% M1y = P21¢I) ¢ PH2L ¢ P23(1) ¢ PH23
4y2e R2(1) ® (G3/G1I#(BICTI/A ¢ ZY) /(1.0 # BJ(IY/Aa + 2X)
413% R1(J) ® (RR] = R2(1)REMI2) 7EMLY

yqyn ek (1) 2 (P1K ¢ RI(I)sP2K ¢ R2(TI*PIK)/(PKL ¢+ PK2 ¢ PK3)
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i1 5% 390 CoONTINUE

T4y 6* PUNCH 395¢(RI(J)rJ=1,N2)
4y7e PUNCH 3954 (R2(T)¢Iny,NZ)
Uy 8w PUNCH 3954 (RK(J) e J31,N2Z)
419% PUNCHM 3954 (BJCJ) rJ=1,N2)
4anx 395 FORMAT (5FE15,8)
apie WRITE (6400 LZLI)eSI(I)eBICI) s Rl(JJoREtJJoRK(J),J,1.N13
Gaaw a00 FoRMAfctuo-13x.1Hz.1¢xv1H5.19x.:HJ.17x.5uNg;N,,,5x SHN$/n 1+ 15X s SHN
423x LK/NTZ/(1IP6ERD44))
4aux 405 Cabl ExIY
425« 41p WRITE (6,415)
4pb% 415 FoRMAT(21M0ERROR IN Foe SOLVING)
Ga7* WRITE (6,420INC NR N ML,V
Gp8x 420 FQRMAT(GHONC :ISva,aHnn 2YT4SXeIHN 2I3pBX g UNME ET1305X e GHV] =91EB, L
429 1eSXelHY2 =E1],4)
430 Gn YO 405
431x 425 WRITE (6eqg30) IEWNX
4x2* 430 FORMATCIGHOERROR IN F(X)/SH IE =13'SXvﬁHNx 213)
433 WRITE (6,155)
43dx DO 435 T=milonNX
435% WRITE (6420 1o (FX(To 2o JIm1sNX)
U 6* 435 CONTINUE
437 Gp YO 405
uy8* 4dg WRITE (6,44S5)T(NT)
439ox 445 FOFMATtEOHnTAU-MAX TOD SMALL =1PELL,.4)
auox Gn T0 405
dur* EnD

IAGNQSTICS

TINN TIME = 8,23 CPU SECONDS

t® SUBROUTINE WMAT(NZ,TCUTY) '
2% ¢ CALCULATES W({y AMBDA) AND wW(p AMBDA = {) AT | INE CENTER
¥ DOUBLE PRECISION NL-wLM
i DNUBLE PRECISION ToE(eE2vEZeEU AL2A2,)A30Ad AS,FSBeR1+B2eRY
g% DOUBLE PRECISION FeF1exXK
6% COMMON/BLK1/TC31)0EL (31 sE2(31)0E3(31)0EL(3Y)
7% COMMON/BLK2/F (31 931) yFI(31931) oWL U391 o NLMEZL o313 0XK(319T)y
L1 tXL{33e3Y)
9x 10 FORMAvtIHo.IHaex-ipSE?O T/LTX95E20, 7)1
10% NTY = NZ
11% DO 15 1=1eNI
12% DO 15 JeilNg
1 3% WLCIpd) 2 0,0
14% WLMLIed) = 0, 0
15% 15 CoNTINUE
Ty NM 2 N7 = 1
1T% DO 25 I1:1sNM
Ly Jpos 1 ¢+ 1
{ow PO 20 JmJPoNM

20w Ay = DABS({T(Jmi)®T(1Y)



21%
ca%
23k
4%
25%
26%
27%
284
29+
0%
31"
12%
3%
4%
158
34¥

L34

TRA%
319%
qox
aie
uax
u3*
yux
u%sx
yb¥
urT*
uB*
A9
50%
51%
g2%
53x
S4%
55%
Sh¥
5Tx
5A%
59%
a0
hi*

b2*

a3%
AUk
6S*
66%
T
L£0%*

9%

70%
71%
72%
T3x
74%
5%

To%

1T
TAR

20
25

30
35

49

4%

1F
A2
A3
Ay
AS
3]
1 +
B2
{1 =
B3
1 ¥
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At ,6T.TCUT) 6D Yp 25

DABS(T(J) = T(1Iy)

DABS{T{(J+1) =» T(1))

TEyY = Tlgel)

T{Jel) =» TLS)

(TCI)H(ESB(AL92) » ESB(AZ242)) ¢ DEXP( »Al) = DEXP(=AR)
ESBCA293) » ESBCA{,3)) /A4
B (T(Je1)/AUYRLESACAL2) = ESPLA242)) = (T(J+1)/A5YX(ESR(A2¢2)
ESBCAS»2))
® (T(IX*(ESB(A242) = ESBLAT2)) + DExp(-ﬁ?) w DEXP(mAT)
ESB(AZ,3) = ESBLAD,3))/AS

HA A B8R~

WiL(TIeJ) ® 045%(B1 » g2 » B3)
ALMCIed) & WL(IWJ)

CONTINUE

CONTINUE

Do
1P
0o
A3
IF
a1
A2
Ay
AS
B1

35 Jm2eNM

2 J ¢ 1

30 1=IPyNL

g DABS(T(I) = T(Je1))

(A, GT.TCUTY GO T 35

2 DARS(TCI) » T(J=l))

DABS({T(I)Y = T¢(JY)

TEd) = T(I=1)

TCI+1) = T(J)

CAL/7AU)F(ESB(A2,2) = ESB(ALI2)) ¢ ({T(Je1) » v(I))/A5)5(

1 ESB(A3,2) = ESB(A2,2))

B2
83

2 (DEXP(wA3) = DEXP(=A2) + ESB(A2+3) = ESR(AT+3))/AS
2 (NEXP(=A2) = DExP(=Al) + ESB(21+43) » ESB(A2+33) /A4

WL{IsJd) =z 045%(B1 + R2 = B3)
WLM{TIed) 3 WL(Ted)

CoNTINUE

CONTINUE

DO
A1
A2
81
B2
B3

40 Im2eNM

TCI) = T(I=1)

TEI+1) = T(1)

2.0 = ESB{ALl+2) » ESR(LA242)

{0s5 » DEXP(wALY ¢ ESR(AL,3)) /A1
{a,5 » DEXP(mA2) + ESBCA243))/A2

WLL(IeI) = 0,5%(Bl » R2 = RI)
WEMCIrT) = WLETeX) » 1,0
CONTINUE

Lo
Ay
IF
A2
A3
81
1 o+

B2

45 I=§eNM

e DABS(TINM)=T(I))Y

¢AL.GT,TCUTY GO Tn 45

s DABS(T(NZY = T(1))

s T(NZ) » T(NM)

x (TCI)X(ESB(ALy2) = ESB(A242)) 4 DEXP{(mA1) =« DEXP(=A2)
ESB(A2¢3) = ESB(A1+3))/A3

B (T(NMY/AS)*(ESBrA1¢2) = ESB(A2+2))

WL(IsNZ) = BY = B2
WLM{IoNZ) = RLEIINZ)
CONTINUE

A3
po
A2
1F
At
R1

z T¢2) = T(1)

80 Im2eNZ

g DABRS(T(2) = T{I}}

(A2,6T.TCUT) GO Yo S0

s DABS{T(!) » T(IY)

2 ((T(2) = TCI))Y/AMIR(ESB(A2¢2) ~ ESBCALL?))



9%
0¥
Jals
a2%
B3%
Bu*
aSs
AbX
aTe
L
pox
anx
91
o2%

93%

oUX
9%«
96%
QT*
o8%
99x
§00x
101%
102%
{n3*
fodx
105%
Ana¥

"IAGNDSYICS

TION TIME

1%

2%
LS
4s
5%

¥

Tx

8*
Kl
10%
11%
12%
13%
14
15%
10
y7*
lh
198
20%
24"
p2¥
23
24%
25¢

AOIMMACIIMIOY

3Oy 0y

50

55
60

&%
T0

75

80
. 85

90

10

139

B2 = (DEXP(»A2) = DExP(wAl) + ESB(A1y3) » ESR(A243))/A3

WLCIel) 3 DaD%(B1 ¢ R2)

WLM(Iel) = WL(Is 1)

CONTINDE

IF (A3,GT,TCUTY GD Tp 55

thzola = 0e5% 0140 w ESBCASe2) w (0,5 » DEXP(=A3) &+ ESBLAS,3))/7A3)
Go TO &0

WLCEe1) =2 0.5 » (0,25/743)

WiMELet) = WLE191) » 1,0

Ay = T(NZ) = T(NM)

IF (AL,GT.TCUT) GD Tp &5

WLINZ#YNZ) = 0,5%(1,0 » ESB(ALe2) = (05 = DExPlehly + EthA!;B)J

{ 7AY)

6n YO TO

WLINZyNZY = 0,5 = (0,25741)
WLMINZWNZ) = WL(NZINZY » 1,0
ARITE (6,75)
FORMAT (L OHOW(LAMBDAY)

D 80 I=]eNY

WRITE Chya10d I (WLC{T,3),Jmt,NT)
CONTIMUE

WRITE (6,85}
FORMATCLGMONCLAMBDA o §))

Dn 90 I=1eNTY

WRITE (6,10) 14 (WLM(I,J)J=1,NT)
CONTINUE

RETURN

EnD

2,60 CPU SECONDS

SUBROUTINE GJRCASNCyNR¢N ML sS5eJCe V)
DoUBLE PRECISION A.X,V
DIMENSION ACNR,NC),JeC1),VI(2)
[T I F T YL T T PP L T LT TR L L L L T Py s Y o T Y1 LY
JC 18 THE pERMUTATINN VECTNR
KD IS THE OpPTION KEY FOR DETERMINANT EVALUATION
K1 IS8 THE OpTION KEY FOR MATRIX INVERSION
i IS THE COLUMN CONTROL FQR AX=H
M IS THE COLUMN CONTOL FOR MATRIX INVERSION
LA DL LT Y P T L LY L Ll T Y Py Pl P LY L L]
INITIALIZATION
LA A2 T T 2 Py ¥y LY L bl AL YT Y Pl Y LT L Ll
Iwey{1) '
Mzl
Sﬂ.
LeNe(MCeNIk(IW/4)
KpR2eMOD(IW/2¢2)
IF(KDGEQ,1) V(2)8%0,
K132eMOD(IWe 2)
Gp TO (10020) exI
INITIALTZE JC FOR INVERSION
LI LY T e PP LD L L iy Y L Al L YT Y Yy e eyt My Y

Do 15 IsfN

1s Je(l)=tp



26%
2T*
285
29%
30%
It
2%
13
34w
35%
36%
37%
3A%
39%
- 4he
qie
2w
43x

a4%

4S*
a6
47
ug*
49%
50%
S1%
52%
53
54¥
55
56%

57%

58%
5o%
60%
61%

(T:4d

a3
bux
45%
66%
Y4,
111
6°*
TO%
71%
7%
T*
Tuw
75"
To*
77

79%
80w
B1x
A2%
a%*

iz Ra Ky

™y O30y s Ba e [ B lu]

[» Na R

inls Be Re

20

2%
30

35

4o

S0

55

60

65
70

15

1ho

--—'---"--..'--------...--.---.--.--.-------.-..----..-'
SEARCH FOR p1vnT ROW

-."'--.------'--.---t.-‘---"'----uu-u--.----.--—--- k.

Dn 85 1=14N

G0 TO (30+25) K1

Mel

IF (1.EG.N) GO TCQ 8%
Xmwl,

DO 35 JEIeN

IF (X,GY,ABS(A(J*]))) GO TO 35
X ® DABS(ALJ1))

Ked
CONTINUIE
IF (K.EQ,1I) GO TO S5
8zm=§
veldeey(y)
GA TO (40045) K1
MUSJCCT)
Je(1)=JC(K)
JC(K)=pMy
LY 3 1 LT Y 2 L Py 1 1 F 2 1 3 F3 L A2 1 T L. A A 2 b0 L XY X FE L R 2 L 2 L X 0 0 0 L L L L
INTERCHANGE ROW T AND RODW K
weeYseePeae  pREabaew gt ocaWreniasgerebligeiget e PTeSSnnw/
Do 50 J*sMel
Xed(IvJ)
ACIeJiSA(KeJ)
AtKyJ)EX

’..O.---Q-q;;..---.h--.---..-.---.-...-.--q-------.-O-.m
TEST FpR SINGULARITY
Q.-----.Q--.-.u----qn..-----m-.-----...-n.--------u-.--m

IF (DABSC(ACI®*I))eGTL0,0) 60 TO 60 ,
---.h-—.!_-----.-.--.--D----.--ﬂ-ﬂ--.q------.-'--y."ﬁ--
MATRIX 18 SYNGULAR
.-E-.---‘—--.-q¢------p-!---.!----'-.----.;--.--v-t.-.--

IF(KDEQ. 1) Y{1)=0,

MASEESLD!

RETURN 6

Go T (65970) oKD

. urfeerPewepedteesnreneerelaee Pt oot onN et i g s laBeBeon®w

ComPUTE THE DETERMINANT

SorPaasrlteopuuBnteoSe s Sewe o lesrSoven e igFPousalagudoans

IFLA{I¢I)alLTe0,) SEws

vez2) ® vi2) + DLOG(DARS(ACTIeI)))

XzA{Ie1)

Afl’l}‘l.
meeFaessftessgresaseresenlicTaapfrmaiofipeeere aeneRaRyessenbe
REDUCTION OF THE I=TH ROW
[ J 3 AL L ey P PR L FY 0 Ay 2 R A A L A L Y el 3 g b L 0L L1 L3 X

DO 7S JuMel

ACTeJYmA(TeJ) /X

..-.---.--q--ﬂ----.'---U.—----.-..-..-.--.-ﬁ------------
TEST OVERFLOW SWITCH, IF ON :
RETURN NEGATIVE VALUE OF 1 IN JC(1)
Q--'-.-'.----.--.-.09..-----!---ﬂ-ﬂ-------p--.-'------
Call OVERFL (IFLJ
IF (IFL.EO,1) GO TO {20
CnNTINUE

---ﬂn-----q.--qnuuqvq---H--nﬂ.---u-q.uq--;qq.-—-Q--u----



BOx
85%
RE¥
BT
ABX
AQ%
9n*
91
LYY
- 93x%
94n
95%
964
9Tk
9R%
Q9%
100%
101%
102%
1o3"
tou%
105*
106%
to7x
1n8x
109%
110%
111%
112¢%
113
IRLL.
{15%
1{6%
117»
148%
119%
120%
121%
122
123%
1ou*
{1 25%

g R

o Na Ne Na N

TaGNDSTICS

TION TIME

e Ba Na oy oY Y

8o
RS

0

9s
100

105
110
iig

i2o

14

REQUCTION OF ALL REMAINING ROWS
Qnulnnn!----.-----------ﬂ--hwnnu--q--.-.-_,___._‘_--__--*

DO B85 K®1eN

IF (¥,EQ,I) GO TO &5

Xzh(Kel)

ArKe1)s0,

Do 80 J3Megp

AtK!J)BA(KvJJ'XtﬁtI.J)
LI L AL T L L3 PPy b Y T L L LAl L L Rl L S TR P T Py L T X 1]
TEST nVERFLAW SWITCH. IF nn
RETURN NEGATIVE VALUE OF 1 IN JC(1)
'n-p'-u-'n-.------u---.n-n---n--u----...--_----.-.____-_.q

CALL OVERFL (IFL)

IF (IFL.EQ.1) GO TO y20

CONTINUE

CaNTINyYE |
T T g, v U T e T A T o T D gy i O e O o, S g e T o O R A R
AxeB AND DET,(A} ARE NOW COMPUTED
D.pl--.Q--n------.--q-.-q---t---q--_-._-__......---—-___.

Gn TO (90e115) 4Kkl
CT T T Y A PP s Y P Y P Y A P L LYl Ll ] PN Py ey ey Y L]
PERMUTATION OF THE COLUMNS FOR MATRIX INVERSTON
e P e T O o gy, O oy gy N gy 0 TR g D B 0y e R g, A e e e e B

Po 110 Jsten

IF (JC(J)4EQeJ) GO To t10

JasJed

Do 95 18JJeN

IF (JCCI)LEQed) GO To 100

CONTINYE

JE(1)=JC(J)

B 105 K=i,N

XgA(KeT)

ACKeIYZACKYJ)

Al )X

CONTINUE

JC(1) =N

IF(XD,EQ,1) V(1)®S

RETURN

Je(i)ei=1

IF(KD,ERL1) V(1)=8

RETUURN &

EnD

2,00 CPU SECONDS



h Rt

1% COUBLE PRECISION FUNCTION NOSOMI(A¢XelLoLMAX)
2% DOUBLE PRECISION Ay¢X,F
ix DIMENSTION AC1)4X(1)
d= Neti =
L1 ] MAX = N&LMAX ¢ L
b MAX B N¥ MAX ¢ |
T DO 10 I=mgsl
as x¢1) = 1,0
ox 10 CaNTINYE
10% Kt = = LMAX
11% DO 55 K=1sL
1 2% K{ & K§ + LMAY
13% K2 ® K1 4 K
14% IF (A(K2)) 15480015
15% 1S Dp 30 Imi4L
16X Ji ® Ky ¢ 1
L7 IF (ACJL)) 20930020
| B% 20 F = {,0/A008)
1 9% Xel) = X(I)*F
20 PN 25 Ji=TsMAX,LMAX
21% ACJI)Y = ACJ1)¥F
2w 2S CONTINYE
23 30 CONTINUE
24 ACK2) = x(K)
25* X¢(K) = 1,0
26¥ DO 50 I=1sL
27 KY 8 K » ]
pBx TIF (KI) 35450435
29% 35 J1 = Ky + I
0% IF (ACJ1)) 40,5040
1% 40 A(J1) ® 0.0
128 DO 45 JesleMAX,LMAX
L3 LI Ji 5 J2 ¢+ KI
X% AfJd2) = A(J2) = A(J1)
15% 45 CONTINUE
36 S0 CoONTINUE
17x 55 CONTINUE
8% - DO TO I=teN
9% IF (X(1)) 80980060
$ox 60 F = {,0/x(1)
uis 0O 65 J1zIaMAX,LMAX
42x ACJL) = ACJL)wF
a3 65 CoNTINUE.
ya% 70 CONTINUE
L1 NASONT = |
ube¥ 75 RETURN
7% ao_unsq&;mg L+
qox Gop Yo 715
49 END
31;5N08?Ics

\TION TIME = ,93 CPU SECONDS
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INPUT DEFINITLONS

Genersl

IR =

IEPS =

TCUT =

[ S P SR > T o
=W N R g g
([T R TR |

Eoon

1 at iritial start

2 for iteration

1, g{, ﬂi and ¢, are read in from Pi8 (Code 1)
IEPS # 1, €4 ﬂi and bi are calculated

number of decades {max. = 5)

geometric thickness

total number density

ny/ny

n3/n)

o/

jé (input on iteration)

mass of Helium = 6.6408 x lo'gug

- non-thermal velocity in Doppler width

upper limit on optical depth to aveid overflow in exponential
routinesg
0
T (%K)
i

[=]

8
vij(l/sec)( =c¢ x 10 /kij), h; 5 from program 48 (Code 1)
statistical weights for each level

1.0)
1.0)

constant coefficient in f (x)j and gj ( wsually

constant coefficient in f'(Y)j and g'j {usually

Two Level Atom (Bound-Free Case)

DY =
BIJK
BIKT
ENU =
ALPHA =

increment in Yy

Bjk Einstein absorption coefficients - Ion I

BPj Einstein absorption coefficients - Ton I

AEK in wave numbers

o



Two Level Atom (Continned)

-2

BETA = ?32

ABAR = Aoy

OMEGA = ?21

OBAR = §2k

DBAR = 0,

AP = Apy.

EB = va21

RS = B, atT
1l = nl*

XE2 = n2*

wEs oy

oM12 = Q5

BBl2 = B B,y

Input Card Formats

Card Format

1 (16)

(16,2F12.8)

3 (6E12.8)

4 ha, etc. (SEL5.8)

5.,%a, ete. u

6,61, etc. "

7 (6E12.8)

g "

9 it

10 T e

11 "

1

Content

IR

ND, 2T, XNT
TCUT

R

i
RK

BJi {only on iteration)

DY, BLJK, BIKJ, ENU

TE, XNE, ALPHA, BETA, ABAR, OMECA
OBAR, DRAR, AP, BB, RS, OB

XEL, XE2, XEK, OM12, BBI2

YA, YB '

Three Level Atom (both n2/nl and n3/nl solutions)

BK. .
iJ
oM, .
iJ

Einstein absorption coefficient

Q.
1J



1hs

Three Level Atom (Continued)

BE. . =
13
13

By

AL, =
1

BE

OB, =
1

DB, =
1

{tﬁ
W’bj
da.

e I
He
=

iV
-

S
T

o D
=
=

-
H

Input Card Format

Card
1
2

3,3a,ete,
L ha, ete,

D,0a,ete.
6,6a,etc.

K
8

g

10
11
12
13
14
15
16

Format Content
(216) IR, IEPS
(16,b12.8,E12.8) ND, ZT, XNT
(5D15.8) R,
" R2,
1
n RK.
1
1t BJ-i
(6E12.8) XM, TCUT, VEL

"

TE, XNE, XNU(I,J), G1, G2, G3
BK12, BK21, BK13, BK31, BK23, BK32
oMz, OM21, OM13, OM31, OM23, OM32
BBl2, BB21, BB13, BB3l, BR23, BB32
AP21, AP31, AP32, ABIK, AB2K, AB3K
ALl, AL2, AL3, BEl, BE2, BE3

OBlK, OB2K, OB3K, DBl, DB2, DB3
XEPS, ETA, TOTA, XEPS, ETA, IOTA
YA, YB



OMECGA
AP

EB

DBAR

#D

BHor H

Qijk’ electron
A gw
BBijkf
ﬁijk’ electron

Einstein

Einstein

nﬁjk’ electron

1h6

collisional excitation coefficient
spontanecus transition probability
absorption transition probability x Planck function
collisional ionization coefficient

collisional recombination coefficient

Eﬁjk’ radiative ionization rate

optical depth

physical thickness of layer (calculated in AMAT)



1Lh7

DEFINITIONS OF OTHERE CONSTANTS AND VARTARLES

]
(RN
1l

NX =

1 o= 3.18159265

2.997925 x lOlO cm/sec

6.6256 x 10727 erg s, Planck constant
1.380%4 x 10716 erg/"K, Boltzmann constant
1.8 x 107, 7.6 x 10718

1.1283792 = 2//«

geometric depth

increment in 2

table of optical depths at line center
number of T

optical depth dependent upon frequency
number of TK

(v - v )/(avy)

increment in X

number of X

! (X)j

inverse matrix of f(X)j

&3

v/vkl
increment in Y
number of ¥
(),
inverse of f'(y)j
1
©3
1
ATy

03
In

k
Wij(A) at line center
WL.(A-l)
1]

at line center
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W, . () at frequency v

iJk(A—l) k
Wijk at fregquency vy

expanential integrals of orders 1, 2, 3 and 4

refer to capital Pij
refer to seript Pij

[
b5

o]

2
b

m ™

=

K Ml2’ etec. in deriving X and ¥ in multi-level case
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PAGL,
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1hg

L

vetermirant; Inverse; Selction of Simultancous Equations

AU pGse

Entry

whereos

NC

NR

iC

JC

-

[

LT Procedure

CALL GJR (& ,NC,NR N ,MC, $%,JC,V)

DESCRIPTION

is the matrix whose inverse or
determinant is Lo be determined.

17 simultanecus equations are to

be soplved ihe last MC -~ N columns

of the matrix are the constant vec-
tors of ithe eauztions to bs solved.
Gn output if the inverse is computed
it is stored in the first N columns
of A, If simultaneous eqiations ars
solved, the last MC -~ N <olumns

~centain the solution vectore.

is the maximum number of columns of

the array A.

3

is the maximum number of rows of

the array A.

is the number of rows of
A.

the array

5 the number of celumns of the
Tray A. This entry 1s 2 dummy
rgument, 1f simultaneous equations
are not solved.

i
a
a

is a2 statement riumber in the cailing
pregram to which ¢ontrel is returned
if an overflew 1s detected. Itmust be
prcceded by $ in the calling seguence.

is a one~dimensional perawrtatien a2vav
of N elements used for permuting ihe
rows and columns of A 1f an lnverse

is computed. IF sa dnverse is not
computad Lhis argumont musl have &t
Toant enee celil for the »rror refurn
fdentification, On oulput, the first
elemment, of Lthe avray 1o K if control is
seturnsd Loreily. I an overflow i<

o
I

subrouilinge solves sinultineous equations, computes a determinant, or
matrix or any combination of the three acove by using a Gauss—

TYPE

flsating-point array;

input and ocutput

FORTRAN
input

integer;

FORTRAN
input

integer;

FORTRAN
input

integer;

ECRTRAN
input

integer;

input

FORTRAN integer array;

input and output
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“detected, the first element is
the negative of the last correctly
completed row of the reduction,
If matrix singularity is detected,
the entry contains the value of .
the last row before the singularity
“was detected,

v is a one-dimensional array. 1{f the
determinant is not computed it has
one entry,otherwise it has two. On
input V(1) is the option indicator,
its values are set as follows:

fldating-point array;
inpibt and output

v(1)
Opération _ 1. 2. 3. 4, 5. 6. 7.
Compute Determinant|no yes yes noe no yes yes
Invert Matrix yes no yes ne yes  no yes
VSolve Equations no no no yes yes yes yes

On normal return from the program
V(1) contains the value of ithe
natural logarithm of the absolute
valuve of the determinant and V{2)
contains the sign of the deter~
.minant. - If an error return is
made, and the determinant was to
‘be computed,then V(1) is set to

0 and,if an overflow return was
made, V(2) contains the sign of
the last correct partially-computed
value of the determinant,

7.7.2.2. Restrictionsg

None.

© 7.7.2.3. Special Considerations

(1) If the matrix is singular or ill-conditidned, roundoff error may

cayse large discrepsncies in the results,

{2) In the case of a singular matrix, return may not be made through

the singularity exit because of roundoff error.

(3) See paragraph 7.1.2,3. for notes gn usaqéfbf the row-dimension in

arguments N and NR.

7.7.%2.4.. Other Subprograms Required

None.
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7.7.3. Supporting Information

7.7.3.7.

7.7.3.2.

(1)

(2}

Zrror Returns

If a singularity Is detected, the first eloment of the array JC is

sct Lo the row nunber before the singularity was detected and, if the
determinant was {o be computed the value of V{1) is set to 0.0. Control
is then returned to the calling program at the statemenl number speci-
fled. :

If an overflow is detected, JC{1)1is set to the negative of the last
correctly completed row of the reduction. V{2} is set to the sign of
the partial value of the determinant that was computed until this

time. Control is then returned to the calling program at the statement
nunber specified,.

Mathomatical Method

For any matrix A, if a matrix B exists such that BA= AB =1 and I is
the unit matrix, then B = AT,

If AX=C, where A is nbyn, Xisn by p, and C is n by p, then the
solution to these sets of simultaneous equations is

x= AT

The determinant of A is defined by the following equation

N
- - f(j'[r”-jjn) I
Al = E 1 .
I l ( ) i=1 aiji

- where

aij is the (i,3j)th element of the matrix A.
f{j1,....jﬁ) is the number of transpositions required to transform
{1,0..,0) to (51.}.,jn); the summation is over all permutations

(jq""'jn) of the integers {1,...,n). .

The solution to all of these problems is found by using a Gauss~Jordan
elimination scheme with row scaling and maximal pivoting by columns.

Faddeev, D.K,, and Faddceva, V.N., Computational Methods of Linear
Algebra, W.H. Freeman and Co., (1963).

Ralston and Wilf,Numerical Methods for Digital Computers Wiley (1960).

Progrémming Method

For each column below the diagonal, the program searches for a pivotal
element by finding the element of maximum absolute value in the remain-
ing rows of the column.

L ]

This row is interchanged with the row of the diagonal.
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(3)
(4)
- (s)
i . o (b)
S

(7)
TeT743.3,
T.7.3.4.

TeT4.
T.Ta4.1,

NI THOEY I = A TR l

] wetions PAGE,
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Each of the elemenis of the pivotal row is divided by the pivot excepi
the pivot which is replaced by its reciprocal.

All the other rows of the array are changed by the formula

35 %13 7 *k%kj .
where 3, is the pivotal element. If i = k, aij is replaced by O.

When this process has been completed for each diagonal of the array,
the columns of the matrix are repermuted to give the inverse in the
first N columns of the array A.

If the determinant is to be found,each permutation of rows and columns
changes the value of its sign. The natural logarithm of the absclute

value of the diagonal element is summed after step 2.

Only the computations necessary for the options Specif1ed are carried

out,

Storage

GJR : 470 p051t10ns,not including the lerary Subroutines OVERFL,
ALOG and NERRS2.

Nomencilature

IFL is the overflow test indicator.

by is the FORTRAN integer value of the obtion indicator.

KD is the option key for determinant evaluation.

KI is the option key for matrix inversion.

L is the Folumh control for solution of sihultaneous equations.
M is the colﬁmn contrel for matrix inversion.

MU is a dummy variable,

é ' is the sign control for aeterminant evaluation.

X is a dummy variable. |

All other variable names used in GJR are either 100p indices or are
defined in paragraph 77241,

Test Design

Introduction

The test program reads a matrix and seven options into main storaga
and success Jvely references GJR for each of the options, thus testing
the program's functicning.
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Toh.a02. Comments
The tesi proaram computes
ATA =R e

after the inverse is found by GJR. This check shows that computational
accuracy is better than 4 x 10'8 for all elements of the inverse matrix,
iowever, this accuracy depends on the well-conditioning of the matrix

tc be inverted.

T.7.4.30 Tesl Input
The mairix used as a tesi matrix was symmetric positive definite of

order 4 scaled so that each diagonal eiement is one. See Fadeeva
Chapter 2.

Card 1: Title Card, FORMAT (12A6)
Col. 1-72 An alphanumeric heading to be
printed by the test program.
Card 2: Parameter Card. FORMAT (312,7I5)
Col, 1-2 N, the number of rows of matrix A.
Col. 3-4 NC, the number of columns of matrix
A.
Col. 56 NOP, the number of options to be

specified in successive calls to
GJR. NOP £ 7.

Col. 7-11 I0P(1), first option indicator.
Col. 12-16 10P(2) second option indicator.
Col. 71-80 I0P{NOP),last option indicator.

Each element of the IoP array appears as V{1) in a separate call to GJR.

Card 3ff: Matrix Cards.  FORMAT (8E10.3)
Col. 1-10

Elements of A. The NC

Coel. 11-20 columns of row 1 are input
. first, followed by rows 2
. - through N.

Col. 71-80

The input data is listed below.

TEST MATRIX 1. (REF. FADDEEVA = COMP.MTHG.OF LINEAR ALGEBRA CHAP,.2)

CLCos07 b 2 3 4 5 6 7

L U « 54 sBA + 25 3 «15 o7
L2 l. .32 Uy 05 S 3 «
¢ DU ' 52 I 22 + 65 o7 « 45 6

.6_(? ‘qf{. p22 1! .85 lq .6 08




1%
2%
Ix
4%
5%
b%
7%
A%
9%
10%
11
1 2%

BRI

14%
15%
16%
1t T™
§Ax
19%
20
PL¥
P2x
3%
25
2hH%
2T
2A¥

11
16
21
2h
3

FROGRAM FOR M OFC CONTINUUM TRANSPORT EQUATION 155
For inputs, definitions, and subroutines see Appendix B;T

HONND = FREE CASE
TWn LEVELS AND CoNTINMNUUM

DNUBLE PRECISION FYeFTY

ODLIBLE PRECISION ToEyoF24FET30Ed

onuBlLE PRECISION FeFToXKeEFoX

NOUBLE PRECISION EMyy

DOURLE PRECISION ZeZTeDZeSTeZXKL XN
COMMONZBLKE/T (31 aF (31D ER2C31)sE3(31)4E4(3])
CnHMON/BLKEJF(31'31)|F1(31!313v“L(3lv31}vWLM(31o3130xK(31|31),

1X(31431)
DIMENSION
DIMENSTON
DIMENSTIOM
DYMENS YO
DIMENSION
DIMENSTON
DIMENS IO
DIMENSION

RPUSEIeEMIT1431)4B(31)4JCCIL)evVI2)

EF(31431)4x(31)

WKLMC3L 03154 TKE31931)98W({31¢31)

YO31) o FY (3193100 FIY(31931)46YC31Y0ay(31)
g:?é;t91(313vﬁkt31)vZKL(3lJ!XNl(31)pXN2(31]oXNK(31)
RI(31)9PE2031)9PRLC31)0EAC3I)0EH(3Y)
WPL3Se31) WKL (31031),4RA(TY)

FORMAT(Ihe012,84E12,8) -
FARMAT(6E12,8)

FORMAT(T16,2E12,8)

FORMAT (IR0 2 T4 2N IPRER0,T/(TX45ER20,7))
FORMAT (13HOUNIY PRODUCT)

CALL DATE(Ss04)

o 36 119l MAY

Nn 36 Jsie] MAX

wWp(Ied)
SWETedY

0.0
D0

PRECEDING PAGE.BL&NELNOE‘FHJMED.
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PI¥ 36 COMTINUE

30* NE s 3y

1% MR = By

1% LMAx = 31

31 C 2 2,997925E410

4N H = 6,h256E~27

35 % HK 2 1,3805UE=16

1% P1 & 3,1415926

2 7% Cp = 7,6E=18

‘18% READ (S5921)1IR

39% READ (SeiiINDeZTeXNT

Q0% READ (5e¢16)TCUT

41% NZ = 6¥ND + |

qex NZM = w7 = |

4% NZP = NZ + 1

ans CREAD (S+866)YC(RICI)yIn14N2)

4s* READ (Sedbb) (RK(I)yIz1oNZ)

ub* IF (IR,GT.1) READ (S,466)(BJ(IYeIZ1,N2)
U7 READ(Se16) DYeRIJKsBIKJ9ENU

48 READ. (Se168)YTE o XNEpALpHASRETALARARYOMFGAYUBARYNBARAPYRR4RS DB
49 READ (5416)XE1,XE2,XEK,0M12,4BH¢2
GO% toN 2 (R, O0%PIYR((ENURRII*CPI*C
5% THN = HEEND®C

g% THD = HKXTE

53% TH = THN/THD

S4% r{K = XNE*0B

5% PpK = ABAR + XNE*QBAR

Gh¥ - PRZ = ALPHA ¢+ BETA + XNEXDRAR
5T% PK2 = XNE*PKZ
5R¥ Gn TO (419512 1R
59% 41 no 46 1=1eM27
. 6O* P12(1) = BBi2 4 XNEsnMiZ2
al% P21CI} = BR + AP + XNEFQMEGA
PYT 46 CONTINUE
43 60 YO a1
hU¥ St Np %A I:1eNZ
65% P12¢I) = BIKJ*BJ(I) + XNE¥OMi2
bbh* P21(1) = RIJK#RJ(I) + AP + XNEXOMEGA
6T* 56 CANTINUE
HAX b1 DN 66 ISIINZ
H9* PN = P21(1) + P2X
70% PR = (PI2(1)¥P2K)/PN
TLX PA & (P21(I)*PKR2¥(XEx/XEL))/PN
1% EB(IY = (C(¥ + PH)/Rg
73% £all) = (Ci1K + PA)/Rs
Tu* - 66 CONTINUE
75% Do Ty IEpeng _
Te¥ XNLEI) = XNT/(1,0 ¢+ RICI) + RK(I))
7T ANg(L) = RI(I)*XNL(T)
78% XNKCI) 2 RKCIISXNLCTY
79% ZkLCI)Y = CPaXNy(D)
RO* 71 CONTINUE
Ri* ZtL = 1,000001%727
RO* S 71 = ALOGLOCZTL)
A%% KL, = Zt
_Y% LL = K[ = ND
AG¥ Zel)y = 0,0

R&* ZC2Y = 100%¥%| |



76
B

Bé&

91
96

101

157

72ty 2.,0¥7(2Y

74y 5.,0%Z7(2)

M oz ZRND o+

NDHE & NDH +  {

IF (NDLERW1) GO TO 8y

N 76 I=SeNDH

ZCI) = 10,0%2(1=3)
CONTINUE

Do 86 JNDHPINZ

JI = N2 » J ¢+

ZeJYy =2 27 = 2(JJ)
CnNTIN|E

ST = 0,0

Te1) = Z(Y)

N 91 1=2+N7

n? ® Z(1) = Z{y=1)

Te1) = ST & 0,5%0Zx(7KL(I=1) & ZKL(I))
ST = T(I)

CANTINQE

WRITE (6,96) (T (J) 4024 ,NZ)
FORMAT(4HOTAU/Z(1PD30,1R))
WRITE (6,101)
FARMAT(1BMIBOUND = FREFE CASEs10Xo24HTWD LEVELS AND CONTINULM)

" WRITE (60106)DAGNDZ Y XNT

106

111
116

121

126

133
132

136

tdy

146

FARMAT (11 HpINPLIT DATA, 100X, AbyA3//20H NUMBER OF DECADFES =213/18H GE
{OMETRI¢ DEPTH =1PES8, 1/18H TUTaL PARTICLES =E11,.4)
WRITE(69111) CPeDY
FORMAT(SH CP =1PE1L,4/5H DY =2gB,.1)
WRITE (69 116)BTJIKyBIKIVENY
FORMAT(TH BIJK =1PEYy d7H BIKJ =E11 4,6H NUKk 2F12 5)
WRITE c6yt21)TCUT
FORMAT(7H TCUT =Fb6,.1)
WRITE (691263 (ZCIYoR1CIIORK{IIyXNICIYOXNZCTI) o XNK(TIYoZKLCI) o TCI) 01z
t1.N2)
FORMATCLHO o BX o 1 HZ o 13 p SHN2/NT o 1 OXPSHNK/MNL o 11X g 2HNT 413X 0 2HND o 13X 9 2H
tNKe 12Xy SHKAPP A1 IXe3RTAU//CLIPBELS4))
WRITE (b 36 TEsXNE¢nM{2eOMEGA,OBe(IBARIDBARIRSyABAR+RB12¢BReAP,ALP
1HAYBRETA
WRITE (641311 TH
FORMAT(BH THETA R{PE19,4)
WRITE(Ae132) CON
FORMAT (1 {HOCUNSTANT ziPEL16,4)
WRITE (6 tULIXFELeXE2,XEK
FORMAT(SH{TE =1?E?P.1/5H NE TEp244/13H OMEGA()1,2) =E1a,l4/13H DMEGA
102v1) =E14,4/713H OmBaAR(LeK) BEJL,4/130 QwBaARI29K) zE14,48/18H 0=DBA

2R(K#2) 2F13,4/713H AmBARCtK) SELdedoSH (TEI/13H AmRAR(2eK) =2E14.4/
31%H BeRAR(1¢2) =E14,4/13H B=BAR(Z2v1) SE14.4/15w A=pRIME(2¢1) =ELD,
447130 ALPHA(K.2) =E14,4/12H BETA(Ky2) =E15,4)

FNRMAT(6HOMI* =tPE21 7/6H N2¥ zE21,7/6H NKK 2E21,7)

WRITE (6e346)CZCIYoBICIY2EACIYWEBCTIYoI=1eND)

FARMATCEHO w 12X o AHZ v 10X 0 IHIw 18X 2HEA 18X 2HEB//(1PUF20, 7))
NT = N7

NYM = T =

READ (Se16)YAWYR

Fy = 1.0/340

YMAX = TENT)*xgY

JY = (YMAX = 1,0)/DY

My = Jy o+ P
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145% Y1} = 1,0
196* DO 166 Js2eNY

1a47% YI =2 J =1

148 % YOJ) = Y1) + v epy

1a9% 1 CONTINUE

150% Pp 171 I=t.NY

151 % DD 171 J=g,NY

152% FY{Ivd) = 0,0

153 FIY(IvJ) = 040

15ux 171 CoNTINUE

155% DN 176 IstaNY

156% FY(Isiy =z 1,0

157% FIY(Iv1) = 140

158% 176 CONTINUE

159% Do 18y J=24nY

160% JM 2 T - 1

161% Do 181 I=zy,JM

162% Yy = (yv(1) = L1e0J/¢Y(I) = 1,0)
163% FY(Iod) ® (140 = YY)2(1,0 = YBxyy)
1h4x FIY(Ied) = FY(L )

165% 181 CONTINUE

1o6% 1E = NOSONTCFIYoXonY,LMAX)

167X IF LIELEQe0) GO TO 4ge

168 GY(1) = Y(NY) = 1,0

169% Do 186 Jz2,nNY “

170% GYLI) = 0u5%(Y(J) = {,0)%(1,0 = Y8/,3,0)
17t% 186 CONTINUE

172% D0 191 Kz1eNY

173 Ay(k) = 0,0

174% B0 191 Jeg,NY _

175% AY(K) = AY(K} 4 GYCJY*FIY(Jek)

1 Th% 191 CoNTINYE

177% HRITE'(bol?bitY(I]tGY(I)tAY(I)olgliNYJ
178% 194 FURMATCIHO;!i!ol“Y:tax-aﬂﬁpple;zHAvIIIPEEEO.aJ)
179% R = 0.0

180x% DO 201 IseNy

181% EX = Y(I)%TH

1R2% RP(1) = AYCI)®EXP(wEX) /Y (1)

TAZ® R 2 R+ RP(I)

184% 201 CONTINYE

185% WRITE (602063(RP(J)OJ810NYJOR

1R6% 20 FnRMATtSHORP//(IPEEO.?JJ

187% WRITE (64211) ,

188% 211 FORMAT(BHOFP(Y))

raos . Do 216 I=1,NY

190% wWRITE (6026)1e (FY(T0e2)yJml4NY)
191% 216 CoNTINYE

192% WRITE (6,221)

193% 221 FORMATC(11HOFP INVERSE)

194% Pn 226 lIz1.NY '

195% _ WRITE fﬁ.elethIY(I.J).JﬂloNY)
196% 2db CONTINUE ;

197% PP 233 IsigNy

198x* DA 231 JatenY

199% EFCIvd) = 0,0

200% DN 231 K={,NY

201 % EF(TIed) = EF(I,J) + FY({IsKYXFIV(K?])

20ox% 231 CONTINUE



3%
LS
T205*
2n6%
2nT*
2nAx%
209%
210%
211%
P12%
213%
214%
215%
218X
217%
218¥
219%
2P0%
221*
22P¥
227
POUX
225%
226%
227%
228%
P29%
230%
231 ¥
212%
23%%
2A34%
235%
236¥
ALT%
FIAX
P19%
2u0%
cuLx
Uz
2u3¥
Pyl
2u5*
2ubx
2uT*
PELE
209%
PE0¥
751%
282%
253%

4%

5%

25h%*
2ET*
258%
259%
PhN*

236

241

2dh

251

256

225

e

276

240
245

401

406

411
4le

421

426

uegv
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WRITE (6y31)
N 236 l=1.NY '
WRITE (6426)1, (EFfle)tJﬂl NY)
CNMTINNE
NTR = W
KYTHM = MTK = |
nn 24t Mzi,MNY
YT = Yk¥3
DN 201 L=1+8TK
TKlLem) = TCLIZYS
CanNTINUE
PN 206 IzieNZ
Is =2 1
IF tT(I)wp,S) aabo246.251
CONTIMIIE
Ismw = 1§
Go 10 256
COMTINUE
IsM = 1§ = 1
CONTINUE
KN = 1
QUTER LnOP ON FREQUENCY === TInDEX K
DO 416 Kz{,NY
KK = K
P 229 I=1eNZ
TeI) = TK(IsK)
CONMTINUE
NYK = N7
MTKM 2 NTK = |
wRITE (&e271)Y (K]
FARMAT(UHLY =2Fp,ee)
ARITE (H£427H)(TK{ToKyoeI=EoNTK)
FrRMAT(IHRDI» 11X 2HTK/ /7 (IPE2D.T))
CALL WMAT(NZyTCUT)
DO 240 Is1aNTK
Np 240 J21enTK
WKLM{TyJd) = WLM(L, D)
WKLCTeJ) = wWlh(Ted)
CANTINE
CANTINUE
on 4oy 1= ,NZ
DN 401 JzieNg
SwlIedt = SWlTed) + WKLM{ILJ)XRP(K)
WP({T+JY = WP(IseJ) + CONXRP(KIEWKL(I4J)
CoNTINYE
WRITE (64406)
FORMAT ¢ 1 THOWIJK (LAMBNA = 1))
DN 411 I=LeNTK
WRITE (6926 1e (WKLM{ToJ) edeleNTK)
CoONTINUE
CONTINUE
WRITE (b64421)
FORMAT(THOSC(I»J))
OB 426 I1=1oNTK
wRITE fboab)I'tSN(IqJ)szloNTK}
CONT INUE
WRITFE(AWU2ZT)
FORMAT(RHOWR(T4J))
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eh1x* DN 428 1 = 1eNTK

262% WRITE(K926) Lo (WP(Teg)yeJa1yNTK)
2b3X 428 CONTINDE

26Ux NTKP = NTK + )

265% D 436 IeteNTK

26b6% ND 431 J=i4NTK

PhTx EM{Tvd) = »SH(Ted)/(REEAC]))

>4B¥ TFCIoEReJ) EMCTod) 3 EMCI0d) + 1,0
2hI* 43y CONTINYE

270% EMCIsNTKP) = ERCD)ZEACT)

271% 436 CONTINUYE

272% WRITE (by4u1)

273% ddy FORMAT(THOM(IeJ))

274% DN 446 Izl yNTK

275% - WRITE (boab)lo(EM(EvJ)odsl NTKP)
PTHY 446 CONTINUE

277 N & NTK

27R¥ MC = NTKP

7% Vely) = 4

280% CALL GJRCEMeNCoNRoNyMCoSUT69JICyV)
2B1% WRITE (6s451) (EMCToNTKP) o IZieNTK)
282% 4S1 FORMAT(4HOI/B//(1PE2p,.T))

2R3xX on 456 IzieNTK

2RU* Py = P21(1) ¢+ p2K

FELT R{I) = 1.0/EM(T4NTKP)

286% RK(I) = XEK/(XEL*B(I))

2AT* R1C(D) = (P12(I) ¢+ er:JtPKa)/PN
2R8* 456 CQNTINUE

PRO% PO 457 1 = LeNTK

290% RA(Y) = 0 0

291% DO 457 . J = 1eNTK

292% RACI) = RACI) & WP(I,J)/B())

293% 457 COMTINUE |

PoUx WRITE(6e461) (Z(1)9BCI)+RICII+RK(IIoRACII 0 IBINTK)
295% 461 FORMAT(CLHO 13X ot HZ o 10X o AHBe 1 TN o SHN2/NT 9 15X s SHNK/MY , 16X ¢ 3IHRIK//(1PS
296% 1E20,4))

297¥ PUNCH. d466¢(R1(II 0]zl NTK)

29R% PUNCH 4660 (RK{J)vJm) NTK)

299% ~ PUNCH 4669 (RACJ) ¢Jx1 (NTK)

300% 466 FORMAT(SEL1%.8)

In1% 474 CALL EXIT

102% 476 WRITE (60481)

30%% 4By FORMAT(2VHOERROR IN @, SOLVING)
Tou* Gop TO 4714

1a5% UB6 WRITE (6,491) IFNY

306% 49y PDRMATttsHOERRoR IN FP(Y)/SH IF =1345Xe4HNY =13)
IoT* WRITE (6+211)

308% DO 896 1aieNT

109% WRITE (6¢26)1¢ tFY(IoJJoJ_ oNT)
310% 496 CONTINUE

J11% Gp To 4Tt

T12% END '

LAGNOSTICS

INnN TIMF = 5.63 CPU SECNNDS



1%
2%

%

ux
5%
b%
7%
A%
9%
10%
11%
1 2%
13%
14*
15%
§ 6%
17%
18X
19%
20%

iy

15

161

SUBROUTINE WMAT(NZeTCUT)
CALCULATES
DOUBLE PRECISION T”éL“”BDﬁ) AND W(LAMBDA =
N/BLK L 4 Shent

CUMMUN/BtK;;;f§::;§1‘31)'52‘31"F5(313.Eu s
ORMAT (1HO ¢ 14 »31yeXxK(3 :
NT ® N7 Tde2Xs1PSERPD, 7’(7X-RF20 7y) £31e31)
Do 15 T21eNZ

Do 15 Jg=2geNZ

WL CTed) = 0.0

wLHCTeJ) = 040

CONTINUE

NM = N2 = 1

Dp 25 I=1eNM

JP - I + 1

i? 20 J=JPeNM

= DABS(T(Jmy)=T



2%
Pex
2%
P4
25*
26%
2T
28%
29%
10%
31
2%
13
14
315
164
17%
IR

39%

ao*
41%
u2s
43x
4ax
45%
ub*
avx
af*
49n
S0
51%
52%
S3%
54%
55%
Sh%
ST%
So*
59%
6%
h1%
b2¥
63%
hUX
65%
hb*
LTX

L

HO¥
70%
7%
72%
73*
T4%
75%
76%
77
7R%

20
25

30
38

40

4s

162

A2 = DABS(T(J) « T(I))
AT = DABS(T(J+1) « T(1))
Ag 2 T(J) = T(J=1)

AS =2 TeJet) = 1e )

B = (TCIX®(ESB(A1+2) = ESR(A242)) + DEXP(=At) = DEXP(wAP)

t + ESBrA243) = ESB(A1,3))/44

B2 = (T(J»1)/7AU)¥(ESp(ALe2) = FSB(A2+2)) = (TCI+1) 7A5)Y%CESR( AP P)
w ESB(AZ2))

B3 =5 (T(I)*(ESR(A242) » ESB(A3,2)) & DEXP(mA2) o DEXP(mAZ)
t ESB(A3e3) = ESB(AD2,3)) /A5

WECIoJ) x 045%(Bl = B2 = B3)

WLM(IW3) = wl(1,d) -

CONTINUE

CONTINLE

00 35 Je2eNM

Ips J+ 1}

Do 30 IsIP(NZ

A3 = DABS(T(I) = T(Js1))

IF (A3,674TCUT) Gp TR 35

Ay = DABS(T(I) = T(Jey))
A2 = DABS(T(I) = T(Jy)
A4 = T(J) = T{Jgel)

AS & T(J+1) = T(D)
By (A1/A4)*(ESB(A2,2) = ESB(A142)) + ((T(J41) = T(I))/ZASY%¢(

1 ESB(AZY2) = ESB(A2y2))

B2 = (NEXP("A3) = DExP(®eA2) # ESB(A2¢3) = ESBCAZ3Y) /AS
B3 = (DEXP(=A2) = DEXP(=A1) + ESB(A143) = ESBCA2y%)) /Al
WLETed) = 0.5%(B1 ¢ R = R3)

MLMCTeJ) = WL(Ted)

CONTYINUE

CONTINUE

Dp 40 1=29NM

At = T(I) = T(I=1)

A2 = T(I+1) = 1¢(D)

By = 2,0 « ESB(ALy2) = ESA{AZ¢2)

B2 = (0.5 = DEXP(=Aly + ESB(ALs3)) /41

B 3 (0,5 » DEXP(=A2) + ESR(A2,3)) /A2

NLCTOIY = 0,5#(BL m» g2 » B3)

WLM{Is1) = WL(T4I) » t,0

CONTINUE :

Do 45 [=feNM

Al 2 DABS(TENMY=T(I)y

IF (AL,GT4TCUTY GO Tn 4%

42 = DABS(TINZY » T(1))

A% 3= T(NZ) = T(NM)

B1 & (T(II*(ESB(AL92) » ESR(A2,2)) + PEXP(=A1Y = DEXP(=4AP)

t + ESB(A2¢3) = ESB(A1,3))/4A3

B2 = (T(NM)/AS)®(ESB(A1+2) » ESB(A2,2))
Wi (1sNZ) = Bl &« B2 -

WLMCIoNZ) = WLCT9NZ)

CONTINUE

A T T(2) = T(})

Do S0 1=2eM7

A2 = DABS(TCL2) = T(1))

I¢ (A2,6T+TCUTY GO Tp S0

Af = DABSIT(1) = T(I)) '

Bl 2 ((T(2) = TCIY)I/ABIX(ESB(ADID) = ESBC(A1+2))

B2 = (NEXP(=A2) = DEyP(=A1) + ESB(AL193) = ESR(A2¢39)/43%
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79x HL{Ta1) & NyS5%(Bl + R2)
Jros WEMEIP1) = BLCTW 1)
RY* 50 CONTINOE
R2* TF (A3,6T,TCUT) GO Tn S5 . -
Ax WL{trd) = 0.,5%(1.0 = FSB(AZe2) « (0,5 = DEXP(wA3) 4 EgH(A3,3))/43)
aux 60 TO 60 . S
RS X 56 WL{{s1) = 042 =« (0,25/43)
. R&X A0 WILMELe1Y = WL(Le1) = 1,0
AT% At = T(NZ) = T(NM) ,
ARX 1F (AL GTLTCUTY 6D Tn 65 . =
RI* WL CNZeNZY = 0,5%(1,0 » ESB{ALs2) = (05 = DEXP(maAlY + FSR{A1+X))
90% 1 /A1) . :
9P% . - - 65 WI{NZyNZY = 0,5 = (0,25/41)
93% 70 WLM(NZWNZY = WLINZyN7Z) = 1,0
QuUx*. oo o wRITE (6475) '
a5% 75 FNRMAT (1nHOW (L. AMBDAY)Y
9h* pn 80 I=taNT
g7x ARITE (Hel103XotWl(TegleJ=1NT)
QRx 80 CoNTINUE
99x% WRITF (b485)
100% A5 FORMAT(14HOW( AMBDA » 1))
101% Np 90 I1EpeNT
102% WRITE (6,100 L, (WLMET, ) ¢J21,NT)
103%. - - 98 CONTINUE
1ou%* RETURN
105% ce BND O
AGNOSTICS

‘NN TIME = 2,60 CPU SECANDS



164

1% SHBROUTINE GJR(AINCYNReNsMCoSeJCaV)
2% NOUBLE PRECISION AgX,V
K NIMENSTON A(NRyNCI o JC(1)eVL2)
H* r Ll LA P L AL P T LR LY LA d L L A b Dl Y YL Py by L X L L L
¥ T JC 18 THE PERMUTATION VECTOR
h¥ (o KD IS THE OpYION KEY FOR DETERMINANTY EVALUATION
* KI IS THE OPTION kEY FOR MATRIX INVERSION
R% C L IS THE COLUMN CONTROL FDR AX=B
¥ c M IS THE COyUMN CONTOL FOR MATRIX INVERSINN
10% o LYY 1 TUPSPRY IFYSIRIIpRIaY Y Y T p RS T T T T Y e e Jpepepepey A Y
11 INITIALIZATYON
12% C crefoee et ted et gt e fo s P U RE AN QU RE R LSS g P e swapetan
13% Twey (1)
f4% Mel
15* Sel,
16% LeNe (MCwN)Y%(IW/4)
17% KNZ2=MOD(IWN/242)
| B TF (KD EQ, 1) V(2)=0,
19% K1=2eMOD( IHy2)
208 6N TO €10520) oK1
‘21* C : ---.-05*---.--------q--¢wp--.--------...--..----.-...-.-.
22% c ' INITIALYZE JC FOR INVERSION
?3* c .-.---.'.-q.p------ﬁ..--ﬂ.--P-----.-.----.-----qp--------
P L 1o Do 15 ImieN

25% 15 Je(I)=1



hx

T*
2R%
9%
IN*
3%
KL
1%
Tux
315%
ThE
37*
$B%
39%
Ho*
uix

4%

L
Gl
yS*
Ub¥*
e
uBx
49%
50%
Si*
G2k
53%
54%
59%
6%
5 Tx
58%
59K
~O%
(L)
ho¥
h3%
bU*
65%
bb¥*
ATX
A%
&9
TO%
71¥
72%
T3¥
T4
75%
7a%
)77#
78%
2G%
RO*
Ri*
R
A%

B M)

b R N |

(g Nn R

[ Ne Ne e i

20

25
30

35

4n
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L R Al N R L Sy L L L L L R L A BT Ll L L K R Y PR Y QY Y PR e
" SFARCH FOR pIVQT ROW _
LA A R Y B b T Y ey ¥ T T P R PR R B Rl g L L e ey T
N A% TE1eN
Gn TH (30025) 4k
Mu ]
IF (14FQ,N) 6D TO 8%
Xzw].
Do 35 JsIeN
1IF (XegT, ABS(A(J!I])J GO Tn 35
X = DARS(A(J 1))
KeJ
CaNTINUE
IF (K,EQ,IY &N TO 55
Sz=8§
velyssv(t)
GN TO (40edb)eKI
Mu=Jgeo(rl

B ASSEN S

45

50

55

6N

&5

70

T8

_JC(K)EMU

INTERCHANGE ROW I AND ROW K
. " e O gy T D Dy, T N WO O 0 g O O T e o OO e T D N e A R g Y W g s U e O e D B P
nn oS0 JsMet,
X=zA(IeJ)
AtTed)=ACKeJ)
AtKyJ)=X
4 Y YD g e g R D R v O D Y T ey M T g e e B9 Py O A O o A W

TEST FOR SINGULARITY

ﬂ--.---P-u.-------------G---.--—---,-,-----.-.-'.----.----

IF (DARSCACIIII)&GTon,0) GO TO 60

W O T g, e e T O O N A g D W e o O D O e o e U O g R B P W W S ey
MATRIX IS SINGULAR
LA R A B L o L 2 e L E L E L R L R T L bR LT ) TR Ry ey sy ey e Y Y 3y
IF(KD,FQ,1) v(1)30,
Jefiislwy
RETURN &
Gn YO (65+70)9KD
COMPUTE THE DETERMINANT |
----o-mH.----n--o-u-q-umH---P---n-n---..q!a-.-.--.n-q-n-ﬂ
IF(ACIeI)alTo0,) Smwg
vee) = ye2) + DLUG(DABstA(IvI)))
XzAC(lel)
ArTeld=l,
CELLE T L L2 1 1 Py B P L LY LN Pl A F L g 4 TP Yesy FFE ey T Y T Y
REDUCTION QF THE I«TH ROW
.--#--——-n-.---n-d---—n—H---H--h---------‘nnunnqu------.-
Do 75 JsMel
AtToJYsA(Led) /X .
L LR T LR Pt LY Y L L L A Y LR Al bl L Py ey e Y ey Y Py LY
TEST nNVERFLaW SWITCH, IF ON
RETURN NEGATIVE VALUE 0OF 1 IN JC(1}
CaLL OVERFL (IFL)
1F (IFLL,EO,1) GO To 120
CanTINUE

gy e S i A D, e P e T ISR AP S Ty ot ARy B D R O g, OO I OF g T g i A e O e



Ad4* C
AS* c
AL¥
AT*
AR
ROX
on%
91%
9p%
93%
QUux
Q5%
9h%
97 %
3-7.1
Q9%
100% C
1n1¥ ¢
1o2% C
103
todx
105%
106%
107*
108
109%
110%
111%
112%
113%
114%
115%
116%
117*
118%
119%
120%
121%
122%
123%
124%
125%

o Ee B Nl

la Re Nl

LAGNOSTICS

TION TIMF

8o
as

%0

95
100

105
110
115

120

166

REDUCTION OF ALL REMAINING ROWS
meefsasYsas gy paesenetagerr T neat RS e STreaenraeanegedta R g e el Te
Dn 85 K=leN
1F (K.EQ,1) GO TO 8%
XaA{KsT)
A(K’I):O.
nn 80 JeMal
MKeJYeACKeJ)aXXAL Ty 0) |
L LA b P T A L L F sy L YLD L LYY L A L L L ¥ Fpug ey SRy gy ey g e Y
TEST DVERFLAW SWITCH, IF ON
RETURN NEGATIVE VALUE OF T InN JC(1)
D L b B L L b 1 ey Ly Py L FY L LY L L] 1§ [ FUPey FUpry gy Yarsy Jou e sy ¥ 3
CaLl OVERFL (IFL)
IF (IFL.FRa1) GO TQ 120
CONTINUE
CONTINVE |
sunfupes S sy wreossnweeeteaeu ¥ rontaeep TR HreRTs R oo EEw
- AX=B AND DET,(A) ARE NOW COMPUTED
N gy O e Oy, i D g O D U W T T D A T D D g D o D o, O e A O T g RS A e W
GN TO (900115),4KI S
ERMUTATIQM or THE COpLUMNS FOR MATRIX INVERSIUN
LA L AL T DL DY PR T P L e LT DALY D LLLE DL P P L e L e Y P YY)
D 110 J=1aN
IF (JCCJ)eEQed) GO Tn 110
JIsJe1
NN 95 IsJJeN
IF (JCCI)+EQeJY GO Tn 100
CONTINUE
Je(iy=sJo gy
Do 105 K=leN
XzA(Ke 1)
A(Ky1)=ACKyJ)
A(KyJ)aX
CONTINUE
JCC1)=N
IF(KD,EQ,1) V(1)%5
RETURN '
Jci{t)=t=1I
IF(KD,EQ,1) V(1)=5
RETURN 6
END

1,96 CPU SECONDS



1%
2%

¥

4%
5%
h¥
Tx
Rx%
9%
10%
11%
1 2%
13%
1U*
1 5%
1 6%
17%
1A%
19%
PAVE
A%
Pt
2ix
bEE
FLY
1.}
PT*
28x%
29*
I0*
L%
1P%
13%
A ¥it

10

15

20

25
39

35

40

167

NAURLE PRE
CISINN
DouBLE PRECIS FUNCTION NNS
‘ . . ONICA
ooueL TON AsX,F PXobobuA
nIM LSEDT AC1) 9 X(1) ' "’
MAX = NK| MAX
MAX = N*tHAX : t
Cn 10 Im{el
x¢1) = 1,0
CANTINYE
K1 = =~ LMAX
On 55 K3l
Ky = K{ & | MAX
?g E K| + X
{(Alx2))

S Tgi'LISQEOOIE
g1 = Kt + 1

F CACJ1)) 20
F = l-o/A(Jll’so'zo
:{I) 2 X{I)¥*F

;0 25 Ji=TeMAX, LMAX

tJ1) = A(JL)*F
CONTINUE

EoNTINuE

L (K2) = X
XEK) = 1.5K)
PO SO0 I=yel,
?1 K w 1

F (KIY 35
J1 2 K{ + ;50'35

iF CACTIYY 4045004
D(Jl) 2 00 ’

N U8 J2=]+M
1 J2 + ;IAX'LMAX

(J2) = ACJ2) = A(J1Y



15%
6%
17%
38%
19%
yn«
qiw
4%
43%
4ux
45%
Ybh¥*
uarTx
GBAx
u9%

AGNOSTICS

INON T1Iwme

4s
50
55

65
70

75
89

CONTINYE

CONTINUE

CONTINUE

Do 70 1mtem

IF (XC(1)) 60980460
F = fe.0/%(2)

DN 65 JisIeMAX, | MAY
ACJL) = ACJL)»F
CONT INUE

CONTYINUE

NOSONT = 3

RETURN

NNSONI = 0

Go YO 75

END

»98 CPU SECONDS
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{ ¥

2% r

T

gk

5%

h%

T*

Bx 10
9%

1O

L1¥ 15
12%

13% 29
1u* 25
15% 30
1 6% 35
t 7% 40
1 R¥

19% 45
20%
AR 50
22%
2% 55
24Kk
25%

IAGNDST1eS

TINN TIMF =

169

DAURLE PRECISINON FUNCTION ESB(XsN)
CALCULATES E2» E3e Edy FROM EY

DAUBLE PRECISIAN X

DOUBLE PRECISINN EXIN

IF (Xel.E4040) GO TO 35

E = EXIN(X)

GN TO (250109109103 eN

Ex = DEXP(=X)

E = FX » Xxt

6O TO (254259154153 4N

F = g45%(kEXx = Xx*E)

GA TD (2525425420 40

E = (Ex = X¥E) /3490

ESB s F

RETURN

GO TO (40+45¢50955) 0N

ESH = 0,0

Gp To 30

ESE = 1,0

Go TC 30

EsbB = 0.5

60 TO 30

ESB & 140/3,0

Gn 7D 30

END

<46 CPU SECONDS



170

1% DOUBLE PRECISION FUNPTION EXINCY)
-1 B CALCULATES Ey
Ix DOUBLE PRECISION Y
un DOUBLE PRECISION XeA,BeLoEWBBoCL
5% DIMENSION A(6)4B{d)yr(4)
b% DATA ﬁ/ﬁS.?TBleD-OIQQ.QQQQIQSDHOI.-2;“9910550-01QS.SIQQbBDQDEp
T 1=9,76004D*03¢91,07857Nw03/
ax DATA B/B.S?33287401D+n0.1-805901597300+o1,8.534760392qn+n0'
9% 12,6777373430=01/
10% - DATA C€/9,5735223454D40002.56329561486040142,109965308270401,
RE, 13,9584969228D+400/
12% X s Y
13% CIF (X=140) 10445015
1 4% 10 E ® AC1) + X*¥CAL2) + x¥(A(3) + X*(ACA) + X£(A(5) + X¥A{6)))))
15% Ea £ « DLOGEX)
16%* EXIN = E
17% RETURN
18% 15 BB & B{d) + X¥(B(3) 4 X¥(B(2) + X¥(B(1) + X)) -
19% CC 8 C(4) & X¥(C(3) ¢ X¥(C(2) + X¥(Ccl) + X)))
20% E & (BB/CCY*DEXP(=X) /X
21¥ EXIN = E
22% RETURN
2 END
AGNOSTICS _
10N TIME » +48 CPU SECONDS
TPFS,¢BONF21,
024«08/30m231 04

& REL
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1% DOUBLE PRECISION FUNETION ESB(X,N)
2» ¢ CALCULATES zz. 3¢ Elde FROM EI
is DoUBLE PRECISION X
4% DOUBLE PRECISION EXIN
Bx IF (XoLE4Qe0) GO YO 35
6% Es® EXIN{XJ
s GO TO (253500109 10) N
ax 10 EX ® DEXP{wX)
9 E = EX w X%
108 . GO 10 f!!v!ﬁljﬁleJpN
{e 15 £ » 0,855 (Ex = XaE)
129 GO YO (2%5025+2%¢20) 4N
130 20 E ® (EX o X%E)/3,0
14 25 EsB s €
154 30 RETURN
B 35 Go TO (40+45¢5095%) 9N
{78 40 EsB ¥ 0,0
[y L) Go TO 30
19% 45 £3B » 1,0
20% GO0 YO %0
210 50 EsB = 0,5
23 6o 10 30
2%% S5 ESB ® 140/%,0
24r» 6o TO 30
29w EnD
YIAGNOSTICS
ATION TIME o o4y CPU SECONDS
L DOUBLE PRECTHION FUNCTION EXIN(Y)
2¢ ¢ CALCULATES 1 4]
38 DoUBLE PRECISION Y
4% DOUBLE PRECIS ou XohyBoeCoE)BByCC
-1 DIMENSION Atb)catd)c C4)
6% DATA Af-5-7721560-u1 949999193001 40244991055Dm08 9545199680002,
T* 1-».Taooanu03o1.OTstn-ozf
1] DATA 6/8,8733287401D40001.80590169730D+01+8,6347608925D+00,
_9% 12, b???;?!ﬂ!D-OlI
{0 _DATA € C/9,57332234540400+2,563295614860¢0192,109965308270D+01
£1% 13.95849682280400/
{2¢ x =y e e S
13k 1P UXwi,0) Uy I5VI5
14% 10 E ® ACL) ¢ XF(AC2) # X®(A(3) ¢ XFCAtﬁJ ¢ XECALS) + X¥A(6)))))
{5 £ wEw DLOG(X)
16% ExIN = E
17* RETURN
18% 15 ea ® BLAY ¢ Xu(BOY) + X¥(B(R) ¢ X¥(B(L) ¢ X))
19% CC & C¢d) « Xu¢C(3) ¢ X¥¢Cc2) + X¥¢C¢l) + 00
20% E = (BBICC)*DEXP(OX)ﬂK
¥ EXIN ® E
Q* RETYURN
3% END
IAGNOSTICS

TION TIME

b4 CPU SECONDS



